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2
Experimental Setup and Techniques

This Chapter describes the technical aspects of the scanning-emitter
fluorescence-lifetime imaging microscope that was developed for this
thesis. Our experimental setup, which is the combination of a conventional
fluorescence-lifetime imaging microscope and a scanning near-field
microscope, is detailed regarding the choice of individual components
and their assembly. At hand of our own measurements we illustrate
the employed techniques while at the same time benchmarking the
performance of our setup. Furthermore, we give an overview of the
achievements of the community towards a fluorescent scanning LDOS
probe thus far and review promising fluorescing sources for our purpose.
This Chapter is therefore intended both as a review of our field and a
technical reference for the remainder of this thesis.

2.1 Fluorescing molecules as local probes
This thesis is devoted to studying the Local Density of Optical States (LDOS) in
nanophotonic systems. These systems have characteristic dimensions smaller than
the wavelength of light and they modulate the LDOS on sub-wavelength scales [1].
The decay rate of a spontaneous emitter is an unambiguous measure for the LDOS at
the source position [2]. Since we want to measure the LDOS in complex solid-state
photonic systems we require a source of spontaneous emission that can be embedded
in a solid host material while retaining its internal structure. Fluorescent dye molecules
have been proven to be ideal for this purpose [3]. Already the very first reports on the
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2 Experimental Setup and Techniques

optical detection of single molecules [4] recognize the potential of a single molecule as
“a truly local probe addressable by the macroscopic light field” [5]. During the last two
decades the field of single-molecule fluorescence spectroscopy [6] has developed at an
enormous pace [7], making it a mature technology [8] and an indispensable tool for a
variety of disciplines as diverse as the life-sciences [9] all the way to most fundamental
quantum optics [10]. Thanks to the development of a variety of suitable excitation light
sources and single-photon detectors [11] spectroscopy and lifetime measurements of
few or single molecules at ambient conditions have become routine [12].

For our goal of studying the LDOS on sub-wavelength scales conventional
diffraction-limited imaging is insufficient [13, 14]. The diffraction limit in optical
imaging has first been broken with scanning-aperture techniques [15], which were soon
applied to localize and characterize the orientation of single fluorescent molecules [16].
Arguably the first observation of the impact of the LDOS on the decay rate of a single
molecule stems from the interrogation of fluorescing molecules under illumination by
a scanning probe [17]. Since then, scanning probes have been employed to redirect
emission of single emitters [18] and control their polarization [19, 20]. Brightness [21]
and decay rate of single emitters were enhanced by approaching sub-wavelength
scatterers attached to [22] or moved by pushing with a scanning probe [23]. Naturally,
the next challenge has been to reverse the system and illuminate the sample with
a sub-wavelength sized fluorescent source attached to a scanning probe [24–28].
In fact, the dream of interrogating a sample with a truly point-like scannable light
source [29, 30] has been pursued since the advent of the near-field microscope [15].

Mapping the LDOS of a planar sample by measuring the lifetime of a fluorescent
source attached to a scanning probe as it is scanned across the sample surface is an
outstanding challenge and the overall goal to reach with the setup developed for this
thesis. Since the LDOS is a local quantity [2], three requirements have to be met in
order to map it spatially with a source attached to a scanning probe [31]: First, we
require a source of spontaneous emission that is confined to a volume smaller than the
length scale on which the LDOS varies in the system under study. Second, we need to
move the LDOS probe relative to the sample with a precision better than the length
scale of LDOS variation. Finally, we need to measure the source’s decay rate while it is
located where the LDOS is to be measured. These three requirements set the boundary
conditions for our experimental setup. This Chapter introduces the building blocks
that were combined to map the LDOS of planar samples on a sub-wavelength scale.
Despite the fact that fluorescence-lifetime imaging and scanning-probe microscopy are
both standard techniques we discuss them in great detail as a service to the uninitiated
readers. At the same time, we illustrate the techniques at hand of measurements taken
with our own setup. These measurements thereby serve as a benchmark and a reference
for the later Chapters to make our experimental procedures fully transparent.

In Section 2.2 we introduce the technique of fluorescence-lifetime imaging mi-
croscopy to then detail our experimental apparatus and data-analysis technique. We
discuss sources of spontaneous emission in Section 2.3 with special emphasis on their
suitability to measure LDOS, and then turn to the scanning-probe part of our setup in
Section 2.4.
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2.2 Fluorescence-lifetime imaging

2.2 Fluorescence-lifetime imaging
Fluorescence-lifetime imaging microscopy (FLIM) forms a spatial image of a sample
where instead of intensity the lifetimes of the emitting sources in the specimen are
mapped [14]. The method of choice to measure lifetimes in the ns range of few to
single emitters is Time-Correlated Single-Photon Counting (TCSPC) [12]. As the
acronym implies, even when performed on an ensemble of emitters, TCSPC relies
on the precise detection of the arrival time of single photons. Practically all modern
methods of FLIM combine TCSPC with confocal fluorescence microscopy [32] in
order to gain both temporal and spatial resolution. This Section describes our confocal
FLIM setup. We follow the light path through the system, sketched in Fig. 2.1, starting
from the excitation source, continuing with the confocal imaging system to finally
reach the detectors for the emitted fluorescence.

2.2.1 Excitation light source
Measuring fluorescence lifetimes using TCSPC relies on the precise measurement
of the time elapsed between excitation of a fluorescent system and detection of the
subsequently emitted photon [12]. Accordingly, the excitation light source must emit
light pulses much shorter than the lifetime of the emitter under study. At the same
time the repetition time of the excitation source should be significantly longer than the
lifetime of the emitter to make sure that the fluorophore has decayed before the arrival
of the subsequent pump pulse.

Light sources with duty cycles and repetition rates suitable for fluorescence-lifetime
measurements have become readily available since the development of mode-locked
lasers [33] which are currently increasingly replaced by cheaper laser diodes [34]. The
source employed for all lifetime measurements in this thesis is a mode-locked diode-
pumped Nd:YVO4 laser manufactured by Time-Bandwidth Products with a repetition
rate of 10 MHz emitting at 1064 nm. The laser output is frequency doubled by focusing
through a non-linear KTP-crystal. The infrared component is then transmitted by a
dielectric mirror and safely dumped while the 532 nm second-harmonic component is
used to pump the emitters. We furthermore use a short-pass filter (D535/50x, Chroma
Technology) to exclude any remaining IR-signal in the pump beam. In the green, the
pulse duration is about 10 ps at a time-averaged power of about 30 mW. Our laser
source is ideally suited to excite a broad range of readily available fluorescent dyes
with lifetimes typically around 1 to 10 ns as well as semiconductor quantum dots with
lifetimes typically around tens of ns. In the sketch of our setup in Fig. 2.1 we have left
out the frequency-doubling components and the sketched laser beam is therefore only
the 532 nm component entering the experiment. We can either send the collimated laser
beam into the back-aperture of the used microscope objective to obtain a diffraction-
limited laser spot in the focal plane of the objective. Alternatively, the movable epi-lens
can be flipped into the beam path to focus the laser into the back-focal plane of the
objective which ideally leads to a collimated beam illuminating the sample. In practise,
we obtain an illuminated area of about 20 µm in diameter.
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2 Experimental Setup and Techniques

2.2.2 Confocal fluorescence microscope
Our setup is based on an inverted microscope (Ti-2000, Nikon) and is sketched in
Fig. 2.1. For quick and easy inspection the sample can be illuminated in wide-field mode
by a thermal white-light source (WL in Fig. 2.1) via a beam-splitter (BS). The light
reflected and scattered by the sample is collected with the same objective, passes the
beam-splitter and with the rotatable mirror (M1) the image created by the tube-lens is
focused on the CCD camera (DS-Qi1Mc, Nikon). Our camera uses a thermoelectrically
cooled Sony ICX285 CCD chip that provides up to 65% quantum efficiency around
500 nm and above 30% up to 725 nm at low read-out and dark noise. The magnification
of the microscope is given by the ratio of the focal lengths of the objective and of the
tube-lens ( fTL = 200mm). The tube-lens is fixed inside the microscope body and the
magnification is chosen via the used objective.

In fluorescence microscopy, instead of using the scattered illumination light to
form an image of a sample, one uses the fluorescent light emitted by the specimen [7]
upon laser excitation. Since the typical absorption cross-section of a fluorophore is
around σabs ≈ 10−20 m2 even in a diffraction-limited spot about 108 pump photons are
necessary to excite the emitter [7, 14], such that pump light is present in abundance.
The Stokes shift exhibited by practically all fluorophores embedded in a solid matrix
provides a convenient way to spectrally separate the fluorescent from the pump light
with a color filter [14]. A first spectral selection is made by the dichroic beam-splitter
(DC, 565DCXT, Chroma Technology), which reflects the laser wavelength into the
objective but transmits only the red-shifted fluorescence wavelength. An additional
long-pass filter (LP, E590LPv2, Chroma) transmits only fluorescent light with an
extinction ratio exceeding 106 such that the pump wavelength is in total suppressed by
more than 8.5 orders of magnitude on the way to the detector.

When the photon detector of choice is not a pixelated array like a CCD camera it
becomes necessary to form a spatial image by scanning the sample point after point
with the detector. In a confocal setup an image of the sample is formed in a plane
where a pinhole is located which is subsequently imaged onto the detector. Now
the specimen is scanned and an image of the whole sample is generated point after
point [1, 13]. In our setup, the pump laser is focused to a diffraction-limited spot on the
sample when the epi-lens is removed. With the rotatable mirror (M1) flipped to the left
port in Fig. 2.1, the fluorescence signal passes a collimating lens (CL, fCL = 150mm).
With the flip-mirror (M2) and the removable beam-splitter (BS2) removed from the
path, the signal is focused onto an avalanche photodiode (APD1, id100-20 ULN, ID-
Quantique) by a lens with focal length fAPD = 30mm. Therefore, for a 100× objective
the magnification between the sample and the APD is 20. The small size of the active
area of the APD being 20 µm the detector itself in our case functions as the pinhole
which has to be confocally imaged onto the point where the pump laser illuminates
the sample. The resolution of our microscope is determined by the diffraction limit
at the pump wavelength. The APD is connected to an electronic circuit and finally to
a computer to determine the number of detected photons. The sample can be raster
scanned with a piezoelectric stage (P-542.2CL, Physik Instrumente GmbH) to obtain
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Figure 2.1: Sketch of our fluorescence-lifetime imaging microscope. The sample is
mounted on a scanning stage and can be illuminated by a thermal white-light source
(WL) or a laser. A rotatable mirror (M1) is used to either image the sample on a
CCD camera via the tube-lens ( fTL = 200mm) or send the light to the collimating
lens ( fCL = 150mm). With the flip mirror (M2) in place the sample is imaged ( fCL =
150mm) onto the entrance slit of a grating spectrograph ( fspec = 50mm). Alternatively,
with M2 removed, the light arrives to a Hanbury Brown-Twiss setup, where time-
resolved detectors (APD1 and APD2, fAPD = 30mm) behind a beam-splitter (BS2)
allow correlation measurements. The beam-splitter BS2 can be removed for simple
FLIM on APD1. The APDs are connected to a TCSPC card which is connected to a
PC together with all other detectors.

an image. With the removable beam-splitter (BS2) in place the two APDs (APD1,
APD2) form a Hanbury Brown-Twiss setup that allows photon-photon correlation
measurements [35]. Furthermore, when the flip-mirror (M2) is in the beam path, a
lens with focal length fspec = 50mm images the sample on the entrance slit of a grating
spectrograph (SpectraPro 2300i, Acton Research) equipped with a thermo-electrically
cooled Si-CCD image sensor (PIXIS:100B, Princeton Instruments) allowing spectral
characterization of the detected light.

To illustrate the principle of confocal fluorescence microscopy by way of example
and demonstrate the performance of our setup we show a representative measurement
in Fig. 2.2. The sample is a glass coverslip onto which silver nanowires with nominal
diameter of 300 nm have been spun from a solution (SLV-NW-300, Blue Nano Inc.).
In a second step, a solution of polystyrene beads (F-8801, Invitrogen) with nominal
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Figure 2.2: (a) Sample under white-light epi-illumination. A silver nanowire lying
horizontally scatters strongly and shows up brightly. Polystyrene beads on the sample
are barely visible as dark spots. (b) Confocal fluorescence-intensity image of same
sample as in (a). Fluorescing beads show up as diffraction-limited bright spots.
(c) Decay traces of fluorescence signal from two bright spots marked in (b). Black
squares are data from fluorescing bead marked with white rectangle in (b), while red
diamonds correspond to bright spot marked with dashed box in (b). (d) Fluorescence-
lifetime image of area shown in (b) where false color indicates lifetime of signal
collected in different pixels. The lifetime of pixels holding less than 1000 photons was
clamped to zero. The fluorescing bead marked with the dashed box in (b) and located
in vicinity of the nanowire, as seen from comparison with (a), has a reduced lifetime
compared to its isolated neighbors, as already established in (c).

diameter 100 nm was spun onto the sample. The beads are infiltrated with fluorescing
dye molecules with an emission maximum at 620 nm. Figure 2.2(a) shows a camera
image of the sample under white-light epi-illumination. The dominant signal is the
light scattered by an Ag nanowire lying horizontally in the upper half of the image. The
polystyrene beads are barely visible as dark spots in the white-light image. The negative
contrast of the beads is caused by destructive interference on the camera of the light
scattered by the bead with the light reflected from the sample surface [36]. Imaging the
fluorescence of the area depicted in Fig. 2.2(a) confocally with an excitation power of
0.3 µW leads to the image shown in Fig. 2.2(b). As expected, only the polystyrene beads
fluoresce. Comparing the signal received from a fluorescing bead to the average number
of roughly 4 background counts in a pixel yields a signal to noise ratio exceeding 500 in
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2.2 Fluorescence-lifetime imaging

Fig. 2.2(b). This background signal of several 100 Hz is dominated by the light level in
the laboratory and can be easily reduced to a few 10 Hz by covering the sample, which
is however unfeasible when operating the scanning probe, where a full enclosure would
be necessary. At the sub-µW pump powers used in our experiments auto-fluorescence of
conventional glass substrates and the optical components in our setup plays a negligible
role.

2.2.3 Time-correlated single-photon counting
The technique of TCSPC measures the lifetime of a spontaneous emitter by determining
the time delay τ= td − t0 between its excitation with a short light pulse at t0 and the
detection of the emitted fluorescent photon at td [12]. The thermo-electrically cooled
silicon APDs (id100-20 ULN, ID-Quantique) in our setup are single-photon detectors
with a timing resolution specified as 40 ps. The single-photon detection probability
peaks at 35% around 500 nm and falls below 15% for wavelengths longer than 700 nm.
The major strength of our APD is its extremely low dark-count rate of less than
2 Hz. This low dark-count rate together with the insensitivity of the temporal response
function against count rate discriminates our APDs against the popularly used Perkin
Elmer SPCM-AQR with its exceptional quantum efficiency of up to 65%.

One important restriction of all single-photon detectors is their dead time after a
detection event [11]. The dead time of our APDs is specified as 50 ns. Since fluorescent
photons arriving during the detector dead time are not accounted for, one would, at high
detection rates, preferentially measure photon events which arrive early after the pump
pulse. In order to perform a valid measurement without photon-counting statistics
skewed to short times it is therefore necessary that the time between subsequent
detection events is much longer than the dead time of the detector. We typically aim at
photon detection rates at least a factor 10 lower than the repetition rate of our laser, in
order to have practically negligible probability of missing a photon due to the detector
dead time. The arrival times of the pump pulses are measured by splitting a small part
of the pump beam off and sending it to a reference diode with precise timing. We
employ a trigger diode (OFC-402, Becker & Hickl GmbH, ref. in Fig. 2.1) for the
purpose of measuring the arrival times of the pump pulses, which we also refer to as
reference pulses. Both detectors, the reference trigger diode and the APD detecting
the fluorescence photons, are connected to a timing card (DPC 230, Becker & Hickl
GmbH), which records the time stamps of every single reference and fluorescence event.
The fact that we have at least ten times as many reference events than fluorescence
photons would lead to a huge data load to be processed and stored. This problem
is commonly solved by only processing the reference events directly following the
detection of a signal photon [12]. Since the repetition rate of modern pulsed lasers is
extremely stable, especially regarding the pulse-to-pulse variation, it is possible to infer
the time delay between an excitation pulse and the emission of a fluorescent photon
from the time between the fluorescent photon and the subsequent pump pulse. A very
special feature of our timing card is that besides performing conventional TCSPC it can
store the absolute arrival times of signals in up to 16 channels simultaneously without
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2 Experimental Setup and Techniques

any mutual dead times. The absolute-timing mode of the card makes it most versatile to
measure photon-photon correlations from sub-ns timescales, as necessary for lifetime
or bunching/anti-bunching measurements on fluorophores, up to ms timescales as
encountered in fluorescence-correlation spectroscopy (FCS) characterizing diffusion
times of fluorophores in liquid media [37].

To illustrate the working principle of FLIM and the performance of our setup at
hand of an example we return to Fig. 2.2. FLIM is naturally done in parallel with
confocal fluorescence imaging. The signal forming the fluorescence-intensity image,
like in Fig. 2.2(b), is simply the number of photons collected on each position of the
sample. Since each of the collected photons is recorded with its arrival time with
respect to the following excitation pulse one can build a decay trace for each position
on the sample. In Fig. 2.2(c) we show two such decay traces. The black squares in
Fig. 2.2(c) show a histogram of the arrival times of the photons collected from the bead
marked with the white square in the center of Fig. 2.2(b) as a function of time delay
between the excitation pulse and their detection. Note that the number of decay events
in Fig. 2.2(c) is plotted on a logarithmic scale. Before leveling off at the background
level at long time delays, the decay curve follows a straight line with the slope being
the fluorescence lifetime. A more detailed explanation of the functional form of the
decay trace will be given in the following Section 2.2.4. The decay curve depicted by
the red diamonds in Fig. 2.2(c) are the photon events collected from the top-most bead
in Fig. 2.2(b), marked with the dashed box, and located in close proximity to the Ag
wire [cf. Fig. 2.2(a)]. From the decay trace of the bead on the wire [Fig. 2.2(c), red
diamonds] we can immediately judge that the excited molecules in that bead decay
faster than those in the isolated bead [Fig. 2.2(c), black squares].

We apply the principle just illustrated for two positions on the sample to the whole
scan of Fig. 2.2(b) and fit a decay trace to the photon events in every individual pixel
to arrive at the fluorescence-lifetime image in Fig. 2.2(d), where we have clamped
the lifetime of pixels holding less than a fixed number of photons to zero. We can
immediately see that all fluorescing beads exhibit the same lifetime, except the one that
was found in close proximity of the metal nanowire. It has been shown that metallic
nanowires possess an enhanced LDOS in sub-wavelength vicinity of their surface [38–
40]. Our fluorescence-lifetime image in Fig. 2.2(d) therefore clearly confirms that the
fluorescing bead is located within the spatially tightly confined LDOS enhancement of
the nanowire.

2.2.4 The maximum-likelihood fitting procedure
The decay traces in Fig. 2.2(c) hold temporal information about the decay of the
molecules in the fluorescing beads used in the experiment. This Section describes how
we fit a physical model to the measured data to extract quantitative information.

The number of detected photons at a certain time t after exciting the system at
t0 = 0 is proportional to the probability of the system to still be in its excited state at
time t . If the decay rate γ of the system is a constant the functional dependence of the
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2.2 Fluorescence-lifetime imaging

decay trace must read
FA,B ,γ(t ) = A exp[−γ t ]+B , (2.1)

with the proportionality constant A given by the experimental circumstances and B
describing background counts uncorrelated to the excitation laser. Our goal in this
Section is to determine the decay rate γ, or its inverse the lifetime τ, of the excited
state of the emitter from the measured decay trace D(t ). It is well known that the
low count rates encountered in single-emitter and few-emitter experiments require
special care regarding the fitting procedures to extract decay parameters [14]. For
example, a least-squares fitting procedure is not applicable [41]. Nevertheless, very
few publications in the field of spontaneous-emission control report how lifetimes were
precisely extracted from the measured data. The treatment given here largely follows
Reference [42].

We refer to the measured data-set as {D(ti )} from now on to make clear that it
is actually a set of discrete data-points. A specific D(ti ) is the number of photons
detected in time bin i ∈ {1, . . . , N }, which lasts from (i −1)∆t until i ∆t where ∆t is
the constant bin size and the total measurement time is N∆t . It is clear that given
the noisy measured data-set at hand it will be impossible to find a set of parameters{

A,B ,γ
}

such that FA,B ,γ(ti ) = D(ti ) for all ti . However, a sensible approach is to find
the parameter set

{
A,B ,γ

}
for which the probability of obtaining the measured data-set

{D(ti )} is maximized. Accordingly, the term ‘maximum-likelihood approach’ has been
coined for this procedure.

Our first task in finding the most likely set of parameters
{

A,B ,γ
}

is to find
an expression for the probability to measure a certain set of N data-points {D(ti )},
assuming that the true ‘noiseless’ set of values is given by

{
FA,B ,γ(ti )

}
. We denote with

p
(
D(ti ),FA,B ,γ(ti )

)
the probability to measure the value D(ti ) at time ti given that the

underlying true value without noise sources is given by FA,B ,γ(ti ). Accordingly, the
probability to acquire the entire data-set {D(ti )} reads

P
(
{D(ti )} ,

{
FA,B ,γ(ti )

})= N∏
i=1

p
(
D(ti ),FA,B ,γ(ti )

)
. (2.2)

To proceed, we require the statistical nature of the noise in our data, i.e., we need to
specify the function p

(
D(ti ),FA,B ,γ(ti )

)
. Since we are counting the photons arriving

within time bin i it is reasonable to assume a Poissonian probability distribution

p(k,λ) = λk

k !
exp[−λ], (2.3)

where p(k,λ) is the probability to measure a value k, given that the expectation value
is λ. We can now evaluate P

(
{D(ti )} ,

{
FA,B ,γ(ti )

})
for any given data-set {D(ti )} after

assuming a parameter set
{

A,B ,γ
}
. The most likely parameter set

{
A,B ,γ

}
will be the

one for which the probability P reaches its maximum. To make the task of finding
the most likely parameters computationally easier it is common to minimize −log[P ].
Instead of maximizing the product in Eq. (2.2) we can therefore simply minimize the
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merit function M F
{D(ti )}

(
A,B ,γ

)
, which is the sum

M =−log
[
P

(
{D(ti )} ,

{
FA,B ,γ(ti )

})]=−
N∑

i=1
log

[
p

(
D(ti ),FA,B ,γ(ti )

)]
=−

N∑
i=1

D(ti ) log
[
FA,B ,γ(ti )

]+FA,B ,γ(ti )

+ log [D(ti )!] .

(2.4)

The general procedure of maximum-likelihood fitting is of course neither limited to
physical processes of the form of Eq. (2.1), nor to noise of Poissonian nature described
by Eq. (2.3) but can, or rather should be generally applied for any fitting procedure
in order to relate a measurement to a physical model. It is instructive to consider
the maximum-likelihood procedure for noise that leads to a normal distribution of
measurement values of the form

p(k,λ,σ2) = 1p
2πσ

exp
[
− (k −λ)2

2σ2

]
, (2.5)

where p(k,λ,σ2) is the probability to measure the value k, given that the expectation
value was λ and the distribution is characterized by the standard deviation σ. Recall
that for large expectation values λ the Poissonian distribution Eq. (2.3) approaches the
normal distribution Eq. (2.5) with σ=p

λ. For normally distributed errors the merit
function Eq. (2.2) becomes

M{λi },{σi }(ki ) =∑
i

(ki −λi )2

σ2
i

. (2.6)

We immediately recognize Eq. (2.6) as the merit function of the method of the sum
of least squares. Therefore, the sum of squares as the merit function is the maximum-
likelihood method for normally distributed errors. For small expectation values λi ,
the Poissonian distribution Eq. (2.3) differs significantly from the normal distribution
Eq. (2.5), such that fitting procedures minimizing the sum of squares according to
Eq. (2.6) give erroneous results. Often in this thesis we will encounter low count rates
and small expectation values. Accordingly, all fitting procedures in this work use the
merit function in Eq. (2.4). Note that the last term in Eq. (2.4) can be neglected since it
only depends on the data and not on the fit parameters. We explicitly emphasize that
also in the presence of a large uncorrelated background signal the maximum-likelihood
method is the method of choice to arrive at fit parameters with largest fidelity. Even
though it might seem counter-intuitive, subtraction of a background prior to fitting [43]
will lead to erroneous results since it inevitably obscures the noise statistics.

Having established a procedure to fit our experimental decay traces it is now a valid
question to ask for the uncertainty of the fit. In other words: How much less likely are
other choices of decay parameters to lead to the measured data-set? Instead of a strict
mathematical proof we just give qualitative insight in the approach to quantitatively
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2.3 Suitable sources of spontaneous emission for probing LDOS

determine the certainty of the fit [42]. Recall that we arrived at our set of most-likely
fit parameters by minimizing the merit function M{D(ti )}

(
A,B ,γ

)
given in Eq. (2.4).

Since M{D(ti )}
(

A,B ,γ
)

has a minimum at the found fit parameters A0,B0,γ0 its second
derivative with respect to its arguments is a measure of the steepness of the found
minimum of M . A minimum in a steep valley indicates a certain fit: Only a small
variation of the fit parameter would lead us far away of the minimal value of the merit
function. Mathematically, the curvature of the merit function M

(
A,B ,γ

)
with respect

to the fit parameters is given by its Hessian matrix

Hαβ(M) = 1

2

∂2M
(

A,B ,γ
)

∂α∂β
, with α,β ∈ {A,B ,γ}, (2.7)

evaluated at the best fitting parameter set
{

A0,B0,γ0
}
. The variances σ2(α) for the

fitting parameters α ∈ {A,B ,γ} are given by the diagonal elements of the covariance
matrix V ≈H−1, which is well approximated by the inverse of the HessianH given
in Eq. (2.7) [42].

2.3 Suitable sources of spontaneous emission for
probing LDOS

At the beginning of this Chapter we have presented fluorescing molecules as ideal
local probes of the electromagnetic environment. There is however a much wider
range of spontaneous emitters available in condensed matter. In the following, we will
give a short overview of sources of spontaneous emission that have been put forward
as promising emitters in the context of scanning-probe experiments. Our focus will
be on organic dye molecules, semiconductor nanocrystals, diamond NV-centers, and
rare-earth ions, all of which have successfully been attached to scanning probes. We
will not review further sources of fluorescence, for example porous silicon grown on
AFM tips [44] and tips coated with LiF [45] due to their limited usability as LDOS
probes. For clarity, we first discuss the properties that decide about the suitability of a
source as a fluorescent LDOS probe to then review the most promising candidates. We
summarize the properties of the different emitters in Table 2.1.

Absorption cross-section. The absorption cross-section of a quantum emitter de-
termines its probability to absorb a photon from the pump beam. Typically,
absorption cross-sections of single emitters are many orders of magnitude smaller
than the area covered by a diffraction-limited spot. Therefore, intense laser beams
are necessary to efficiently excite single fluorophores. A large absorption cross-
section yields large count rates while keeping parasitic background fluorescence,
for example from the substrate, at a minimum.

Quantum efficiency. The quantum efficiency of an emitter is the ratio of decay events
under emission of a photon compared to the total number of decays. If the rate
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of non-radiative decay is denoted as γnr and the radiative decay rate as γr the
quantum efficiency QE is

QE= γr

γnr +γr
.

Measurements of a decay-rate enhancement via a brightness enhancement rely
on emitters with limited quantum efficiency [46]. At constant excitation rate
the intensity detected from a quantum emitter is proportional to its quantum
efficiency. Since γr ∝LDOS the signal from a low-QE emitter is proportional
to LDOS, while for a high-QE source the brightness is independent of LDOS
and only depends on pump rate [47]. Since we measure the total decay rate we
favor emitters with high quantum efficiency to maximize both the response to a
modified LDOS and the number of detected photons per decay event.

Decay rate. The total decay rate γtot = γnr +γr of a quantum emitter should on the
one hand be as high as possible to achieve the highest cycling rate. On the other
hand, in TCSPC the upper bound for measurable decay rates is set by the timing
resolution of the timing card or the pulse width of the exciting laser. In our case,
the 165 ps resolution of our timing card sets the upper limit for measurable decay
rates. In contrast, emitters with very low decay rates are difficult to measure
simply because of the vanishing signal intensity. Furthermore, data analysis
becomes cumbersome for emitters with decay rates much smaller than the laser
repetition rate since the emitter then has likely not decayed until the arrival of the
subsequent laser pulse. For our setup, we prefer emitters with lifetimes between
approximately 1 and 20ns.

Blinking. Most quantum emitters exhibit a behavior called blinking. Under constant
pumping they show intermediate time periods orders of magnitude longer than
their fluorescence lifetime in which they are optically inactive and therefore
appear dark [48]. Most commonly, blinking is attributed to an inter-system
crossing of the emitter from the optically addressable singlet state to a triplet
state from which no optical transition is allowed back to the ground state, such
that the triplet state has a long lifetime during which the system appears dark in
an experiment [7]. Since a quantum emitter in its dark state is not available as an
LDOS probe we favor emitters with as little blinking as possible.

Bleaching. Practically all fluorophores bleach after a certain number of excitation-
emission cycles [14]. Bleaching can be regarded as an irreversible blinking event.
Most frequently bleaching is explained as a chemical alteration of the emitter
enabled by the photon energy. Since photo-bleaching permanently disables a
fluorescent LDOS probe we desire emitters with high photo-stability.

Organic dye molecules

Organic dye molecules are the most widely spread sources of fluorescence. While
the original push to create versatile dyes came from the dye-laser community [49],
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fluorescent dyes are nowadays mostly known due to their ubiquity as fluorescent labels
in the life-sciences [50–52]. The great strength of organic dye molecules is that chemists
can easily add and replace functional groups in order to tune the spectral properties of
absorption and emission, change the solvation behavior of the dye, or tether it to a target
as a fluorescent label [53]. The typical absorption cross-section of a dye-molecule
is about σext ≈ 10-20 m2 [7, 54, 55]. Fluorescent dyes are available with quantum
efficiencies ranging from only a few percent to practically unity [49]. The typical
fluorescence lifetime of dye molecules is of the order of a few ns and significantly
shorter total decay rates are typically a result of low quantum efficiency [51]. Blinking is
encountered in practically all dye molecules and has been studied in great detail [56, 57],
including effects of the environment [55, 58–60]. The greatest drawback of fluorescent
molecules is that at room temperature they irreversibly bleach after typically no more
than 106 detection events [14, 59, 61, 62]. There are only a few known molecule-host
systems that do not suffer from photo-bleaching, even at room temperature, that rely
on embedding the fluorophores into a crystalline matrix [63]. The growth of these
crystals and the embedding of the molecules require some sophistication and only few
techniques appear to be manageable by the non-specialist [64, 65].

The first report of a scanning probe decorated with fluorescing dye molecules used
a micron-sized piece of a p-terphenyl crystal doped with terrylene molecules [25]. At
cryogenic temperatures the excitation lines of the molecules in the crystal could be
separated such that the experiment by Michaelis et al. constitutes the first report of
microscopy done with a single molecule as a scannable light source. The rather large
size of the used crystal prevents this approach from constructing a truly nanoscopic
LDOS probe. We are not aware of a report of organic dye molecules attached to a
scanning probe as a scannable source of fluorescence and probe for LDOS at room
temperature and we speculate that photo-bleaching has been the prohibiting factor.
An outstanding merit of organic dye molecules is that they can be incorporated into
polymer beads which can be grown in a bottom up process and whose size can therefore
be controlled on a nanometer scale [51]. These fluorescing beads are widely used as
very bright sources that do not suffer from blinking due to the ensemble [51]. Recently,
20 nm sized fluorescing beads have been used as local reporters of the LDOS in strongly
scattering [66] and on disordered media [67]. Due to their high brightness and small
but well defined size fluorescing beads are an extremely attractive sub-wavelength
source of fluorescence which we will focus on in this thesis to construct a scanning
LDOS probe in Chapter 3, even at the expense of giving up the merit of having a truly
single quantum system as a local reporter.

Semiconductor nanocrystals

Besides dye molecules II-VI semiconductor nanocrystals, also referred to as quantum
dots, have appeared as versatile sources of fluorescence [68] and have made their
breakthrough as commercially available fluorescent markers [51]. Reference [54]
contains a very useful comparison between organic dyes and semiconductor nanocrys-
tals. Measured against most organic dye molecules, which typically have a size of
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about 1 nm, semiconductor nanocrystals are significantly larger, reaching up to 60 nm
in diameter [54, 69]. The strength of nanocrystals is their broad-band absorption
together with narrow emission spectra which can be conveniently tuned by changing
the crystal size and therefore the quantum confinement [70]. The fluorescence lifetimes
of semiconductor nanocrystals are typically in the range of several ns to several tens of
nanoseconds. The complicated internal level scheme can lead to non-single-exponential
decays [54]. Regarding photostability semiconductor nanocrystal can be superior to dye
molecules [7, 69, 71], but their performance is severely limited by their pronounced
blinking behavior exhibiting off-times well into the 10 s regime [54, 72]. While
the exact mechanism of blinking remains a topic of intense debate, the fact that
quantum dots can be intermittently off for periods ranging from ms to many seconds
makes them especially troublesome candidates for scanning-probe applications [73–75].
Nevertheless, semiconductor nanocrystals have been grafted at the end of scanning
probes [76]. Microscopy by illuminating a sample with the fluorescence of single
nanocrystals on a scanning probe has been demonstrated by Sonnefraud et al. but has
been severely hampered by blinking [27].

We take the opportunity to illustrate the phenomenon of blinking to also demonstrate
the capability of our setup to characterize single emitters in Fig. 2.3.∗ The confocal
fluorescence-intensity image in Fig. 2.3(a) was acquired on a single quantum dot
located on a glass coverslide while illuminated with our pulsed green laser at an
average power of around 3 µW. The image was acquired with the fast scan direction
horizontally. Therefore, blinking causes horizontal dark stripes in the image. The
instantaneous switching from on to off within a single pixel already indicates that
we are dealing with a single quantum system. A rigorous proof is given in the inset
of Fig. 2.3(a), where a second order correlation measurement of the emitter scanned
in the main panel is depicted. The correlation function g 2(τ) was measured using a
continuous-wave pump laser at 532 nm. The clear anti-bunching dip of the photon-
photon correlation at τ= 0 reaching below 0.5 is an unambiguous proof that we are
probing a single-photon emitter.† When we plot the number of detected photons in
time bins of 10 ms as a function of the time from the start of the experiment, we obtain
the intensity trace depicted in Fig. 2.3(b). The intensity fluctuates strongly as a function
of time. Specifically, there are two distinct values between which the brightness of the
emitter switches, one being around 1 kcounts/10 ms, which corresponds to the quantum
dot being in its ‘bright’ state, the other one lying close to zero intensity, which is the
signature of the quantum dot being in its ‘dark’ state.

∗The CdSe-core CdS/ZnCdS/ZnS-multi-shell quantum dots measured in Fig. 2.3 were synthesized by
Relinde Moes in the group of Prof. Daniel Vanmaekelberg at Utrecht University following References [77,
78].

†The theoretical value of the second order correlation function at zero time delay is g 2(τ= 0) = (n−1)/n,
where n is the number of emitters probed [35]. Therefore, a measured value of g 2(τ= 0) < 0.5 is typically
taken as proof of probing a single emitter.
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Figure 2.3: (a) Main panel shows a confocal fluorescence-intensity image of a single
quantum dot. The horizontal stripes are the result of blinking. The inset shows a
measurement of the second-order correlation function. The quantum dot shows a
clear anti-bunching in the photon coincidences. (b) Photon arrival-time trace of single
quantum dot. The two brightness plateaus and the distinct switching between them
illustrate the blinking behavior of the quantum dot, interpreted as the spontaneous
switching between a ‘bright’ and a ‘dark’ state.

Rare-earth ions

A very prominent source of fluorescence embedded in a transparent host medium
are rare-earth ions such as erbium and yttrium which have found wide use in optical
telecommunication devices [79–81]. Ensembles of erbium ions have successfully
been used as LDOS probes at near infrared wavelengths in stratified systems [82].
While a multitude of excitation and emission channels are available for rare-earth
ions in glass [83], a major downside of these emitters can be their excessively long
lifetimes in the ms range [84, 85]. Taking typical collection efficiencies of less than
10% into account these long lifetimes entail count rates not exceeding hundreds of
Hz, which would lead to prohibitively long pixel dwell time and overall measurement
times in a scanning-probe application. Together with the extremely small absorption
cross-sections, measured to be 10−25 m2 for erbium in a SiO2 matrix [80, 85], and the
limited quantum yield [80, 84], signal rates are so severely limited that interrogation of
a single rare-earth ion in a solid state matrix has to our knowledge remained elusive to
date [86]. Aigouy et al. have attached erbium-doped glass particles of sub-micron size
to a scanning probe and illuminated a sample with the emission of the rare-earth ions
in the probe [26]. In this approach it is especially cumbersome to reduce the size of
the particle containing the emitter in a top-down approach since it is composed of hard
glass [83].
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Diamond NV-centers

The NV-defect center is one of more than 100 defect centers in diamond [87] and
has attracted enormous attention thanks to its practically unlimited photostability and
optically addressable spin properties [88]. The NV-center consists of a nitrogen atom
replacing a carbon atom in the diamond lattice neighboring a vacancy lattice site.
At room temperature, the NV-center has a very broad emission spectrum spanning
from 600 nm to about 800 nm and its lifetime in bulk diamond is 11.6 ns [87] and
slightly higher in nanocrystals [23, 39]. Literature reports about the absorption cross-
section and the quantum yield of diamond NV-centers, especially in nanocrystals,
are contradictory. Some authors report cross-sections of NV-centers comparable to
those of single dye molecules [89, 90] while the observed brightness typically suggests
differently [88, 91]. Also the quantum yield is still being debated [87, 88, 90]. In our
lab, Mohtashami et al. have explored commercially available diamond nanocrystals
hosting single NV-centers [92]. Mohtashami et al. estimate absorption cross-sections
two to three orders of magnitude lower than for dye molecules and have extracted
typical quantum efficiencies of single NV-centers around 20–40% from Drexhage
calibration measurements [82, 93–96]. Moreover, the decay rate of nominally identical
NV-centers varies widely from nanocrystal to nanocrystal, such that a thorough
characterization of each individual source is in order before it can potentially be
used as an LDOS probe [39]. Despite the controversy about their properties, NV-
centers hosted by nanocrystals have become widely used LDOS probes. Nanocrystals
containing single NV-centers have been used to feed plasmonic antennas [23] and
plasmonic waveguides [40] in experiments where they were pushed over a sample
surface with the tip of an AFM. A pick-and-place technique pioneered by van der Sar et
al. [97] was used to couple a single NV-defect to a photonic crystal cavity [98]. As truly
scanning light sources diamond nanocrystals have first been attached to dielectric tips
by Kühn et al. [24], an achievement repeated by Cuché et al. [99] who subsequently
launched quanta of surface plasmons [28] from a single NV-center in a nanocrystal
attached to a scanning probe.

2.4 A scanning probe to position a source of
spontaneous emission

It is commonly agreed upon that diffraction limits the resolution obtainable by a far-field
microscope [1]. Nonetheless, a multitude of methods to overcome the diffraction limit
in far-field microscopy has been suggested and demonstrated in the past [103, 104].
Arguably the oldest and most wide-spread method to boost spatial resolution consists
of scanning a mechanical probe whose interaction volume with the sample is small [15,
105]. When referring to scanning-probe techniques in optics one usually speaks about
Near-field Scanning Optical Microscopy (NSOM) [1]. It is the precise knowledge about
the probe position that enables sub-wavelength resolution in NSOM. The superior
resolution obtained by scanning mechanical probes relies on two facts. First, it is
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Table 2.1: Overview over relevant properties of quantum emitters for scanning-emitter lifetime-imaging
microscopy.

σabs [m2] QE lifetime blinking † bleaching ‡

Dye mo-
lecules

≈ 10−20

[7, 54, 55]
50–100%
[51]

1–10 ns
[51, 54]

10–100 ms
[55, 58–60]

106

[59, 61, 62]

colloidal
QDs

≈ 10−19

[54, 100]
10–90%
[54, 101]

10–100 ns
[51, 54]

≈1 s
[72, 102]

106–109

[7, 69, 71]?

NV-cent.
in nano-
crystals

10−24–10−23

[88, 91][

10−21–10−20

[90]

100% [87] §

70% [88]
10–20 ns
[23, 39]

n.a.
[88, 91]

∞
[88, 91]

Er3+ in
glass #

10−25

[80, 85]
26%
[84]

≈ 10 ms
[80, 84, 85]

n.a. ∞

† typical off-time
‡ typical number of detected photons before bleaching
[ deduced assuming QE=1
§ QE for NV-centers is quoted to be ‘high’ throughout the literature. However, to

our knowledge QE has never been measured on a single NV-center in a nanocrystal.
Reference [87] cites a bulk value.

? QDs in solution have been shown to exceed bleaching times of molecules by 2–3 orders
of magnitude [71].

# We chose Er3+ in glass as a representative of rare-earth ions in transparent dielectrics.

possible to fabricate extremely small probes, which are essentially needles with a very
sharp point, which can even reach the ultimate sharpness of being terminated by a
single atom at the apex [105]. Second, with piezo-electric elements these probes can
be positioned and scanned with extreme precision, well below interatomic distances
in solids. It has been shown in the past that it is possible to attach a fluorescent light
source to the apex of a scanning probe [24–28]. In this thesis we scan a source of
spontaneous emission over a sample and investigate the effect of the sample on the
source. By measuring the lifetime of the scanning source as a function of position we
map the LDOS of the sample.

Shear-force microscopy

In order to exploit the advantages of scanning-probe microscopy some feedback
mechanism is necessary to track the surface of the sample. The most common method
in NSOM to measure the interaction between the scanning probe and the sample is
tuning-fork shear-force feedback [106]. In short, the scanning probe is attached to
a piezo-electric quartz tuning fork [107]. The tuning fork is an electro-mechanical
resonator, which can be set into mechanical oscillation when driven with an AC voltage
at the resonance frequency [108]. Due to the tuning fork’s complex impedance the
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Figure 2.4: (a) Schematic of the shear-force scanning-probe setup mounted on top of
our optical microscope. The sample is located on the piezo scanning stage such that
it can be imaged with the objective from the bottom and accessed with the scanning
probe from the top. The scanning probe is attached to a piezo scanning head. Inset:
SEM image of tip of scanning probe which is a pulled glass fiber. (b) Topography
measurement on a test grating with square-shaped extrusions with a period of 3 µm and
a height of 21.5 nm. The inset shows a cross-section along the dashed line in the main
panel.

current flowing in response to the driving voltage exhibits a typical resonance behavior
as a function of driving frequency [109]. At fixed driving frequency a change in
resonance frequency of the tuning fork reflects in a change in phase of the current
which we employ to keep the distance between the scanning probe and the sample
surface constant [1].

Our shear-force microscope

Our shear-force NSOM microscope is schematically illustrated in Fig. 2.4(a). The
scanning probe, an optical glass fiber (SMF-28e, Corning) pulled to a sharp tip (Fiber
Puller P-2000, Sutter Instruments Co.), is attached to the tuning fork (X32K768L104,
AEL Crystals) with a small amount of super-glue (4062, Loctite). A scanning-electron
micrograph of a typical fiber tip is shown in the inset of Fig. 2.4(a). The end radius
of our probe is typically below 100 nm. In our setup, the scanning probe addresses
the sample from the top, as shown in Fig. 2.4(a), while we can optically access the
sample from the bottom with our inverted optical microscope that was discussed in
detail in Section 2.2.2. We characterize the tuning fork’s electromechanical resonance
by driving it with an AC voltage source and varying the oscillation frequency while
measuring the phase of the current flowing in response [108]. We now set the driving
frequency slightly to the blue of the resonance frequency of the tuning fork. When
the probe gets close to the sample surface the arising shear force effectively leads to a
stiffening of the spring constant of the oscillator which causes its resonance frequency
to shift [109]. Even though the microscopic origin of the shear force is not entirely
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clear it has been established to work over distances of the order of 10 nm [1, 109]. The
shift in resonance frequency of the tuning fork upon the probe interacting with the
sample is measured in the phase of the current. A conventional PD-feedback loop is
now engaged in order to keep the shift in resonance frequency constant by adjusting the
height of the probe above the sample, which is achieved via a piezo-electric actuator,
that can also laterally scan the probe (XYZ-PZ in Fig. 2.4(a), PXY 80 D12 and PZ
20 D12, piezosystem jena). Both the piezo-scanners for the lateral movement of the
scanning head and for the sample stage are equipped with gauges that read out the
precise position of the actuator which allows to both monitor the instantaneous position
of the actuator and to engage a feedback loop to correct for hysteretic and drift effects.

With the scanning probe in contact with the sample and the shear-force feedback
loop closed the topography of the sample surface is tracked by the probe when it is
scanned across the sample plane which can be done by either moving the scanning
probe or the sample stage laterally. We show a reference topography measurement in
Fig. 2.4(b). The sample is a silicon test grating (TGQ1, NT-MDT Co.) with rectangular
protrusions with a periodicity of 3 µm and a nominal height of 21.5 nm. The inset of
Fig. 2.4(b) shows a cross-section along the dashed vertical line in the main panel, from
which we can infer a vertical resolution better than 5 nm judging the spread of the
data points on the horizontal plateaus. We can determine the lateral resolution of our
scanning-probe setup from the fact that the steps of the sample are resolved within two
sampling points, which corresponds to roughly 80 nm in the presented measurement
which is limited by the sharpness of the used probe.

2.5 Conclusions
In conclusion, we have demonstrated that our confocal microscope is capable of
detecting the fluorescence emitted by a single-photon source in the visible. Furthermore,
our setup has the required timing resolution to perform fluorescence-lifetime imaging
of single emitters with lifetimes in the nanosecond range and we have detailed the
appropriate procedure to extract decay parameters from low-count-rate time-resolved
data-sets. In addition to its state of the art FLIM capabilities our setup is equipped with
a shear-force scanning probe that can access the near-field of any planar sample with a
precision of a few ten nanometers. Regarding the choice of source we have extensively
reviewed several available options and identified polymer beads infiltrated with dye
molecules as the most promising candidate to construct a scanning LDOS probe. We
therefore conclude that we have assembled all necessary tools for probing the LDOS
of a nanophotonic structure by measuring the lifetime of a fluorescent source attached
to a scanning probe.
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