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Chapter 1

Introduction

1.1 Overview

Nanotechnology has recently become one of the most exciting forefront fields. A wide variety of

nanomaterials, especially nanoparticles with different properties, have found broad application

in many kinds of analytical methods. Owing to their small size (normally in the range of 1-100

nm), nanoparticles exhibit unique chemical, physical and electronic properties that are different

from those of bulk materials and can be used to develop and improve spectroscopic techniques.

By operating in the nanoscale realm, nanotechnology offers a wide range of tools and applications

also in biological fields. Near-term applications include fluorescent biological labels [4]-[5], drug

and gene delivery [6]-[7], biodetection of pathogens [8] and thermal therapy [9].

We are now interested in the analysis of the thermomechanical properties of gold nanoparticles

immobilized with different concentrations on a functionalized surface through the bond between

biotin and streptavidin, which is characterized by high affinity and binding energy. The interest

in these complex biomolecular systems is due to their analogy with the real world of living cells,

that can be investigate using nanoscale constructs.

In this context we develop the work of this thesis, whose aim is to study how optical properties,

especially transmission, of gold nanospheres are influenced and altered by the presence of these

biochemical bonds.
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1.2 Outline

The work is organized as follows. Chapter 2 introduces the basic concepts of time-resolved spec-

troscopy, illustrating the pump & probe technique, with the working principle of ASyncrhronous

Optical Sampling (ASOPS) and Electrically Controlled OPtical Sampling (ECOPS), and the

structure of the experimental setup, the nanoscope and sample’s properties, followed by the

operative procedures. In Chapter 3 is related the measure of thermomechanical dynamics of a

single gold nanoparticle immobilized on a functionalized surface. The last chapter presents the

conclusions of our work and shows the future perspectives linked to the possible uses of this

technique.
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Chapter 2

Time-resolved spectroscopy

Time-resolved spectroscopy is the name given to a set of experimental tools that allow to measure

time-resolved quantities. Through this method it is possible to probe the thermomechanical

properties and dynamics of single particles, in our specific case gold nanospheres immobilized

on a functionalized surface through a biochemical bond. To do this kind of analysis is necessary

to focus the laser beam on a single nanoparticle, and, then, to perform a time-resolved optical

transmission measurement, spanning a time window up to 10 ns by the use of ASynchronous

Optical Sampling (ASOPS). First, it is important to introduce the pump & probe technique,

comparing it with the traditional one, then present the ASOPS system, describing the optical

set-up, and, finally, illustrate the optical nanoscope and the samples.

2.1 Optical Pump & Probe technique

Pump & probe spectroscopy is the experimental technique used to evaluate the dynamic of the

optical excitations to which the sample is subjected. In fact, this kind of spectroscopy enables

to follow in real time vibrational motions coupled to electronic transitions. In this technique, an

ultrashort pulsed laser let us to analize physical phenomena with an high temporal resolution

and also to obtain impulse of high amplitude even though the amount of mean energy provided

is fairly low, thus avoided the risk to damage the sample. The ultrashort pulsed beam is splitted

into two components: a stronger beam (pump) is used to excite the sample, generating a non-

equilibrium state, whereas a weaker beam (probe) is used to monitor the pump-induced changes

in the optical constants of the sample, such as reflectivity or transmission. Measuring variations
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of optical features as a function of time delay between the arrival of pump and probe pulses

yields information about the relaxation of electronic states in the sample. From the analysis of

these results it is possible to retrace its properties, which is the aim of our work.

2.2 Direct comparison between standard pump & probe experi-

ments and ASOPS

There are different possible ways to introduce a delay between the pump pulse and the probe

one. A standard method consists in varying the lenght of the probe’s path. As represented in

Figure 2.1, the movement of a motor-powered translation stage introduces a mechanical delay

�x, that implies a variation of 2�x in the optical path of the beam. This mechanical delay is

correlated to a time delay �t, given by

�t =
2�x

c
where c = 30 cm/ns is the speed of light

A severe disadvantage of the conventional approach is the fact that a physical mass needs to

be moved to accomplish the time-delay, significantly limiting the scanning speed. In addition,

translation stages suffer from alignment error, impeding precise calibration and causing mea-

surement artifacts. Above all that, it would be extremely difficult to keep the correct alignment

during the movement of the translation stage because of the diameter of the laser spot focalized

on the sample, of the order of few µm.

To solve all these problems connected to the traditional technique, a new method, called

ASOPS, that stands for ASynchronous Optical Sampling, has been introduced. With this tech-

nique, it is possible to obtain a temporal resolution lower then 100 fs in a time window wider

than 10 ns, exploiting two ultrafast lasers with offset repetition rates. The time separation be-

tween excitation and probe pulse is scanned automatically at a constant rate given by the offset

frequency �⌫, called detuning. Furthermore, the stability of the system is improved as there are

no moving mechanics to affect pointing stability or spot sizes.
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Figure 2.1: Typical pump & probe experiment. The signal from the probe pulses is detected as the
mechanical delay line is being scanned. By the relation �t = 2�x

c , c being the speed of light, the position
change of the mechanical delay line is translated into a change of the time delay between pump and
probe pulse.

2.2.1 Working principle of ASOPS

The ASOPS system considered in this work is composed by two pulsed lasers with wavelenght

of 780 nm and 1560 nm and pulse width of about 150 fs. The cavity has a repetition rate

⌫pump = 100MHz for the pump laser, while probe’s one can be expressed as

⌫probe = ⌫pump ��⌫ = 100MHz ��⌫ con �⌫ ⌧ ⌫pump (2.1)

Once defined the repetition-rate frequencies of the two lasers, the temporal delay �t between

them will be

�t =

����
1

⌫pump
� 1

⌫probe

���� =
�⌫

⌫probe · ⌫pump
(2.2)

Assuming the frequency difference �⌫ ⌧ ⌫, one obtain

�t ⇡ �⌫

⌫2pump

(2.3)
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Figure 2.2: Laser sources and ASOPS system

which represents the minimum step between consecutive pulses of pump and probe. For every

pulse, the delay increases of a quantity �t until probe beam finds itself again in coincidence

with a pump one after 1
�⌫ . In this way, considering a typical detuning frequency of 1 kHz, the

time window for a complete pump & probe measurement is

twindow =

1

⌫pump
=

1

100MHz
= 10 ns (2.4)

The working principle of the detuning is schematically reported in Figure 2.3

The electronic management of the delay between the two laser pulses avoids the problems

which characterized the standard pump & probe method. Indeed, the generation of temporal

delay without a mechanical translation stage avoids the problems relating to the spatial co-

incidence of the two laser beams. While with the traditional technique the time required to

investigate an interval of 10 ns with a temporal resolution of 150 fs is of the order of one hour,

with the use of ASOPS the same measurement is settled in 1ms.1

Regarding the maximum delay, the use of ASOPS technique allows to increase it of one order of

magnitude, from ns to 10 ns.
1Assuming that the measure is realized with a detuning of 1 kHz. Moreover to improve the ratio signal/noise

the measurement must be integrated increasing the capturing time up to the order of minutes.
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Figure 2.3: Operating principle of the ASOPS technique. In figure is shown the mutual temporal delay
between the pump and the probe pulse, defying fr and fr ��f respectively. Because of the detuning
�f between the pulses of the two lasers, a progressive temporal delay between them is generated which
allows to measure the entire relaxing dynamics of the sample. The image has been taken from the
technical manual for the use of ASOPS.

There are several setups to make a pump & probe measure, characterised by the way in

which probe pulse interacts with the sample: transmission, reflection or evanescent waves. We

are now interested in transmission measurements, a kind of analysis that allows us to examine

properties of the nanospheres.

2.2.2 Alternative mode of operation: ECOPS technique

Some experiments may not require scanning the signal throughout the maximal delay range

given by

⌫rep = 100MHz ) 1

⌫rep
= 10 ns (2.5)

If, for example, one needs only to know the behaviour of the sample during the first 100 ps after

excitation, a full scan over the maximal delay range (10 ns) would not be very efficient.

Alternatively, one can realize the adjustable delay between the two lasers by alternating the

sign of the offset frequency �⌫ on a timescale tsweep much shorter than 1
�⌫ . The use of this
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method, called ECOPS, acronym for Electrically Controlled OPtical Sampling, allows to achieve

a significantly narrower time window for the measurements.

As showed in Figure 2.4, by alternating the sign of �⌫, the delay �⌧ between pump pulse and

probe pulse can be scanned in both directions.

Figure 2.4: Working principle of ECOPS. This technique modulates the repetition rate offset such that
the time delay of the probe pulses relative to the pump pulses is modulated in a small time delay region
around the time zero point.

In this mode of operation, the maximum time delay, defined �⌧max, is determined by the

offset frequency �⌫ and by the sweep time tsweep as

�⌧max =


tsweep

Trep

�
�t =

�⌫

⌫rep
tsweep (2.6)

where the ratio tsweep/Trep gives the number of pairs of pulses and �t is the minimum step

between consecutive pulses, as defined in Equation 2.3. From this relation, the temporal delay

�t can be written as

�t =
�⌧max

⌫rep · tsweep
(2.7)

This procedure can be implemented using the same electronic of ASOPS, so switching be-

tween two modes of operation can be easily done without doing any change to the experimental

setup itself. In this way, it is possible to scan either the full range up to 10 ns or zoom in the

time delay over a range on the order of 10-100 ps.

2.3 Setup scheme

The experimental setup that we will use in our work is schematically reported in Figure 2.5.

This setup is conceived for time-resolved optical microscopy measurements on nanostructured
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samples. Laser sources, nanoscope and detectors are depicted as black boxes. Mirrors and lens

have a characteristic representation and the complete legend is reported below Figure 2.5.

Figure 2.5: Reference experimental setup. This arrangements allows to follow the thermomechanical
dynamics of nanostructrured sample, exploiting the pump & probe technique with ASOPS.

To generate the pulses at 1560 nm for our experiments we used a erbium doped fibre laser,

guided in the nanoscope through a system of mirrors. An half-wave plate coupled with a pola-

rizer allows to settle the intensity of the beam, while the passage through two convex lenses of

focal lenght 40 cm and 20 cm, f1 and f2 respectively, forming an expanding telescope, expands

the diameter of beam. Before the pump beam enters the nanoscope, it passes through a pinhole

of variable radius, then it is detected by a photodetector, labelled as "1560".

The probe beam, at 780 nm, is splitted twice by a 50/50 beam splitter. The first split is neces-

sary to feed an optics line outward of our optical path, while the second one produces two beams

at the same wavelenght: probe beam, which is transmitted across the beam splitter and, after

the passage in a half wave-plate, undergoes a double reflection by two mirrors and enters the

nanoscope, and the reference one, directly driven to the differential photodetector. A mechanical

translation stage2 supports two mirrors, forming the optical path of the reference line. Varying
2Maximum range is 2,5 cm with a resolution of 10 µm
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the path of this line, we set the temporal overlapping of the probe beam trasmitted through the

sample and the unperturbed one, before entering the photodetector, which is fundamental in

order to acquire the difference between these signals.

2.3.1 Nanoscope

The structure of the nanoscope, together with the common path of pump and probe beams and

the reference system, is outlined in Figure 2.6. It is composed by four mirrors, two objectives and

a CCD camera. After the beam enters the nanoscope, it is reflected by a system of mirrors into

a 50X Nikon objective, which focuses the beam on the sample. The divergent beam, transmit-

ted through the sample, is collected by an identical objective, and it is guided to the photodiode.

The advantages of using the nanoscope are:

• The size of probe beam’s spot (1 µm) facilitates the detection of objects characterized

by dimensions much lower than wavelenght of laser beam. If the distance between two

nanoparticles on the sample is similar to the size of laser’s spot, it could be easier to

identify the single particle focusing the probe beam to the diffraction limit.

• Characterization and spatial control of the position of laser beams.

By means of the nanoscope, it is possible to retrace the spatial distribution of beams, focus

the beam on the xy plane in which the sample lies, and also evaluate the angle of beam

with respect to z axis.

• Optimization of beams to perform pump & probe measurements.

It is important to locate the mutual position of beams in order to make them collinear,

incident on the sample and directed along the z axis. The probe beam (� = 780 nm) is

focused nearer to the first objective than the pump beam (� = 1560 nm). This represents

a great advantage in the current setup. On the sample, the pump spot is larger than the

probe spot. This assure that we are probing an uniformly excited area of the sample.

These features are so important because they allow the correct positioning of beams on the

nanospheres, which is necessary to make our measurements. The aim of this work is the analysis
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Sample

Figure 2.6: Nanoscope’s structure and beams’ path

of the power transmitted through a single or group of nanoparticles at the position (x0, y0) on

a surface, defined as

Pt = Pi � �ext · I(x0, y0) (2.8)

where Pi is the incident power on the sample, �ext is the effective cross section and I(x0, y0)

is the intensity spatial profile assumed to be Gaussian. So, the second term on the right-hand

side represents a power and takes into account both the energy absorbed and scattered by the

sample. Therefore, the photodetector gives a signal in terms of voltage and to identify the

signal coming from the nanoparticles is necessary to do a sequence of translations, the so-called

raster scan, that allows to create an image, that represents the beam reconstructed using the

nanosphere. Indeed, when the probe beam, whose spot is much bigger than the characteristic

size of particles, passes on a nanosphere, the system records a variation of transmitted power

given by the convolution of the Gaussian function, corresponding to the beam, and a Dirac Delta

function, associated to the particle.

2.3.2 Sample’s properties

In this subsection, we want to describe the structure of our sample, which has been realized at

NEST Laboratory3 and consists of a sapphire (Al2O3) cover slide (diameter 12 mm, thickness 180
3National Enterprise for nanoScience and nanoTechnology, Pisa, Italy
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µm), on which are litographed Cr/Au 10 nm/100 nm markers, required to localize nanoparticles

on the sample, through the Knife-edge technique. Markers’ templates are sketched in Figure 2.7

and 2.8.

Figure 2.7: Scheme of a template (4,7mm x 6,8mm), characterized by macro-areas (⇠ 0,5mm x
⇠ 1,5mm), that allow to spot different concentrations of antibody on the same slide

On this substratum, after its functionalization, gold nanospheres have been immobilized, by

means of the procedure explained in the following paragraph.

Production method of samples

The functionalization of our samples has been realized at ICRM-CNR,4 by deposition of strep-

tavidin conjugated gold nanoparticles5 (diameter 40 nm) on the substratum. We are now going

to explain the procedure followed to coat the slides. After 15 minutes of oxygen plasma treat-

ment, sapphire substratum were immersed for 30 minutes in a 0,9M ammonium sulfate solution

(half volume of H2O, half volume of NH4SO4) containing poly (DMA-co-NAS-co-MAPS)6 at
4Istituto di Chimica del Riconoscimento Molecolare-Consiglio Nazionale delle Ricerche, Milan, Italy
5Made by Cytodiagnostics, Burlington, Ontario, Canada
6For the synthesis of copoly refer to [10]
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Figure 2.8: Each marker that identifies a macro-area is divided in cells (15 µm x 15 µm), named with a
letter and a number and characterized by a scan area of 10 µm x 10 µm, a gold edge and a dot (diameter
500 nm), useful to identify the correct position of particles on the sample

1% w/v concentration.7 The slides were left for 20 minutes immersed in the polymer solution

and then rinsed with water, dried with nitrogen and finally cured under vacuum at 80

� for 15

minutes. The last passage, named curing, in addition to dry the sample, facilitates the creation

of a strong bond between the polymer and the surface. To demonstrate the functionalization of

nanoparticles with streptavidin, biotinylated antibody was patterned on sapphire slides8 coated

with polymer. The antibody was diluited in Phosphate Buffered Saline (PBS) with four dif-

ferent concentrations and the solution was spotted on the sample. The slides were placed in a

humid chamber immediately after the spotting and stored overnight at room temperature. Af-

ter immobilization, the residual active esters on the slides were blocked with a blocking solution

(ethanolamine) for 1 hour, washed with water and dried by a stream of nitrogen. The spotted

slides were then incubated with a solution of gold nanospheres conjugated with streptavidin
7The 1% concentration, expressed through the ratio weight/volume, means that there is 1 g of solute for 100ml

of solution
8Made by means of SciFlexArrayer S5 spotter from Scienion (Berlin, Germany). The diameter of the spot is

about 150 µm
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at different concentrations for 1 hour, washed with the Washing Buffer for 10 minutes under

stirring and finally rinsed with water and dried with nitrogen.

2.4 Operating procedures for the setup’s setting

In this section we summarize the preliminary procedures to perform measurements by means

of the nanoscope. To obtain a measure as accurate as possible, it is necessary that both pump

and probe beams are parallel and coaxial. In order that all these conditions are respected, it is

essential to follow several procedures:

• Alignment of beams

Pump and probe beams must enter the nanoscope collinearly and spatially overlapped,

because spatial coincidence is required.

• Nanoscope’s optimization

The core of nanoscope consists of two 50X objective. Their first task is to focus the two

beams on the sample’s plane, while the second is to collect them and drive them to the

photodetector. There are two basic rules to respect. First of all, the two objectives must

be colllinear and their focal points must overlap.

• Research of the minimum waist

Once we get the correct setting of the objectives, our aim is to place the sample at the

minimum waist of the probe beam. To do this, we use the so-called Knife-edge technique.9

• Positioning on the single nanosphere

The programme "SPM Control" allows to do a scan of the sample, obtaining the imaging

of the beam. Let us consider how to perform an imaging of a square area. Thanks to

a command, namely raster scan, the SPM software runs a set of translations in the xy

plane. These displacements follow a precise path, while the photodiode records the trans-

mitted optical power at each point of the scan. The photodiode output voltage defines the

greyscale of each single pixel that creates the image. We specify that the greyscale that

composes the image depends on the Data Acquisition System. The maximum voltage value

defines the scale on which the total number of grey are assigned. When we perform a scan
9More details in [11] and [12]
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we get light and dark areas. The dark areas indicate that the beam is not transmitted, as

reported in Figure 2.9.

100 nm 100 nm

Figure 2.9: On the left, the total displacement realized by a raster scan. On the right, an example of
a digital image obtained scanning a 2000x2000 nm area with a 32x32 pixel resolution, in which we can
identify the signal given by the presence of a nanoparticle.

The path illustrated is completed through different steps. The speed of the scan and

the acquisition delay time, that allows to set the dwell time on each point of the scan,

determine the real definition of the image. Throughtout this map, we are able to align

laser beams of pump and probe on the single nanoparticle.
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Chapter 3

Experimental measurements

This chapter presents pump & probe measurements realized on gold nanospheres with a nominal

diameter of 40 nm immobilized on a Sapphire layer (Al2O3). First, we describe nanoparti-

cle’s detection, that is the preliminary operation to perform the measure. Then, thermal and

mechanical dynamics are discussed.

3.1 Overview

The aim of our work is the study and the analysis of termomechanical dynamics of a single

nanoparticle. Sample’s structure, realized throghout electronic litography, has been presented

in section 2.3.2. We analyse two different samples:

• No diluited Au

On this sample, pure gold nanospheres are immobilized on a 1 mg/ml concentration of

antibody.

• 1:10 Au diluition

In this case, we have gold nanospheres in PBS solution, with a 1:10 diluition, immobilized

on a 0.1 mg/ml concentration of antibody.

3.1.1 Single nanoparticle’s detection

Exploiting the raster scan movement, we can create a map of our sample. Scanning on a

nanosphere with a diameter of 40 nm, the ability to block the laser beam depends on its elec-
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tromagnetic cross section �, which is directly proportional to the nanoparticle’s radius: � / R.

Therefore, the variation of voltage due to a scan on the Knife-edge is higher than the one due

to the presence of a nanosphere. For this reason, it is important to have a waist as small as

possible.

Detection and imaging have always been performed using the probe beam, which has a wave-

lenght of 780 nm. Every scan area on the sample is labelled by a dot and a Knife-edge, see

Figure 3.1 (a), characterized by a letter and a number, that allow us to identify exactly the po-

sition of nanoparticles. First, we use a microscope with an high resolution to localize the cluster

on the sample in which gold nanospheres are placed. Then, with the help of a CCD Camera,

we can focalize the beam exactly on the identified area. At this point, we start looking for our

spheres, knowing that, when the beam passes on a nanoparticle, we observe a small variation of

transmitted power. As we shrink the scan area on a single nanoparticle, we obtain a clear image

of the particle itself, ensuring that the beam is set exactly on the object we want to analyze.

Examples of the image obtained through this kind of scan are shown in Figure 3.1.

100 nm

Dot

Knife-edge

(a) Imaging of an area of the sample

100 nm

(b) Probe beam’s imaging through a single
nanoparticle

Figure 3.1: Comparison between two imaging obtained scanning areas of different size. The scan area
of (a) is 30000x30000 nm and shows the structure of the sample. Shrinking the scan area, (2000x2000
nm), we obtain a clear image of the single particle (b).
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3.2 Time-resolved measurements on gold nanospheres

Once both pump & probe beams are well-positioned on the nanoparticle, we perform the time-

resolved measurement with the ASOPS technique. The single pump pulse excites the particle,

through the transfer of the absorbed energy �U . The absorbed energy produces first the hea-

ting of electrons, then their thermalization with particle’s phonons. The effect is an increase of

lattice’s temperature from T to T +�T , that causes a thermal expansion of the particle itself.

As a result of electron’s heating, there is a change in the dielectric electronic constant and a

variation of nanoparticle’s size, leading to an increase of the extinction cross section �ext of the

sphere exposed to the probe beam. The increase of particle’s temperature leads to an expansion

and, then, to a decrease of beam’s trasmitted power, according to Equation 2.8. As the cooling

process takes place and �ext reaches the unperturbed value, the particle slowly returns to its

thermomechanical equilibrium. This leads to a decrease of relative trasmittance �Tr/Tr, that

amounts to zero when the particle is completely thermalized with the substratum at tempera-

ture T . The variation of trasmitted power, �Tr, is proportional to the voltage provided by the

"RF-OUTPUT" channel of the differential photodetector, while the value of absolute trasmitted

power, Tr, is proportional to the one measured by the "MONITOR+" channel. Because of the

different conversion V/W of the two channels, there is an intrinsic conversion factor that has to

be taken in account. As we are interested in the relaxation time of the sample, the exact value

of the ratio is not significant, therefore an error due to this conversion factor can be neglected.

Analysis and curve fitting

The first step consists in acquiring the voltage produced by the probe beam, trasmitted through

the sample, when the pump excites the particle. The value of �Tr has been averaged on n

temporal scans. Figure 3.2 shows a typical thermomechanical pump & probe measure. The

value �Tr provided by the photodetector has been divided by the voltage of probe’s beam in

absence of pump one, Tr, in order to obtain a relative variation.

We set a detuning frequency �⌫ = 1KHz and the curve is normalized with respect to the

maximum value. Observing the curve, we can identify the fast dynamic due to the electronic

heating, with the characteristic time of the order of hundreds of femtoseconds. If we consider

longer temporal scales, it is possible to recognize the two main events that we want to study:
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Figure 3.2: Relative variation of transmission versus time delay. The curve has been normalized with
respect to the maximum value. Pump’s power is 3 mW, probe’s one is 200 µW. The detuning is set to
�⌫ = 1KHz.

• The damping linked to the thermal relaxation between the nanoparticle and the substra-

tum, in the order of hundred ps� ns.

• The mechanical nanoparticle’s oscillation, showed in Figure 3.3, characterized by a period

of about few ten ps.
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Figure 3.3: Residual of �Tr/Tr versus delay time obtained from the fit of curve in Figure 3.2.
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3.3 Thermal analysis

We now analyze the thermal dynamics of the nanoparticle. Let us consider the rates of decay

due to the heat flux between the nanoparticle and the substratum. To evaluate these temporal

dynamics, we performed a fit on the experimental data, as shown in Figure 3.4.
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Figure 3.4: Red trace represents relative variation of trasmission, �Tr/Tr, versus time delay. The
curve has been normalized with respect to the maximum value. In blue, the fit function. The fit has
been performed on the measure shown in Figure 3.2, with a pump’s and probe’s power of 3 mW and 200
µW, respectively. The detuning frequency is �⌫ = 1KHz.

The procedure used for the curve fitting is a linear combination of two exponentials and it

is illustrated in Appendix A.1.

We are now interested in the analysis of fit coefficients, amplitude and rate of decay, one for

each exponential, for both the sample with pure and 1:10 diluited gold nanoparticles, respectively

related (with the corresponding confidence interval) in Table 3.1 and Table 3.2.

Through the analysis of these coefficients, we want to verify if the different diluition of the

nanoparticles can in some way be a discriminating factor for our measurements, in other words

if more or less high concentration of particle can influence the thermal temporal dynamics of

the sample.

Plotting the rates of decay, ⌧1 vs ⌧2, as represented in Figure 3.5, we observe that there is

only one representative time, which is typical of all the measures both for the pure and diluited

nanoparticles, characterized by an ultrafast dynamic - of the order of hundreds of fs up to many
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measure ⌧1 [fs] ⌧2 [ps] A1 [V ] A2 [V ]

02 816 (789, 843) 78 (77, 79) 0.1243 (0.1211, 0.1275) 0.0282 (0.0280, 0.0284)
10 1185 (1157, 1213) 75 (74, 76) 0.1124 (0.1105, 0.1143) 0.0219 (0.0217, 0.0221)
13 921 (895, 947) 67 (66, 68) 0.0929 (0.0909, 0.0949) 0.0303 (0.0301, 0.0305)
16 1463 (1448, 1478) 73 (72, 74) 0.0945 (0.0938, 0.0952) 0.0289 (0.0288, 0.0290)
18 1513 (1475, 1551) 76 (75, 77) 0.1115 (0.1045, 0.1185) 0.0242 (0.0240, 0.0244)
20 434 (393, 475) 72 (71, 73) 0.1352 (0.1236, 0.1468) 0.0472 (0.0470, 0.0474)

Table 3.1: Values of amplitude and rate of decay, one for each exponential, obtained from the fit
of the measurements performed on the sample with no diluited nanoparticles. In round brackets, the
corresponding confidence interval.

measure ⌧1 [fs] ⌧2 [ps] A1 [V ] A2 [V ]

21 732 (689, 775) 73 (71, 75) 0.1410 (0.1344, 0.1476) 0.0220 (0.0217, 0.0223)
23 824 (780, 868) 72 (71, 73) 0.1342 (0.1284, 0.1400) 0.0268 (0.0265, 0.0271)
29 906 (863, 949) 63 (61, 65) 0.1132 (0.1092, 0.1172) 0.0177 (0.1174, 0.0180)
30 523 (466, 580) 76 (74, 78) 0.1743 (0.1593, 0.1893) 0.0228 (0.0223, 0.0233)
31 765 (706, 824) 79 (76, 82) 0.1360 (0.1280, 0.1440) 0.0147 (0.0144, 0.0150)

Table 3.2: Values of amplitude and rate of decay, one for each exponential, obtained from the fit of
the measurements performed on the sample with 1:10 diluited nanoparticles. In round brackets, the
corresponding confidence interval.

ps - and a relaxation dynamic between particle and substratum of about 70 ps.
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Figure 3.5: ⌧1 vs ⌧2 with the corresponding error bars, obtained from the fit on normalized curve. Red
markers represent the values related to pure gold nanoparticles, while blue dots the ones linked to the
sample with 1:10 diluition.
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Subsequently, we show the amplitude of each exponential, A1 versus A2, as absolute value

(Figure 3.6 (a)) or normalized value (Figure 3.6 (b)).
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Figure 3.6: A1 vs A2 with the corresponding error bars, obtained from the fit on absolute values (a)
and normalized curve (b). Red markers represent the values related to pure gold nanoparticles, while
blue dots the ones linked to the sample with 1:10 diluition.

Looking at the graphs, it is possible to see a clear difference in the arrangement of the points.

In particular, it is interesting to observe that the trend to cluster around a certain value is more

evident if we consider the normalized curve. These remarks point out that there is no real

connection between the amplitude and rates of decay and the diluition of nanoparticles on the

sample. A more detailed analysis could come from other methods as cluster analysis and data

mining techniques.
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As we can see, to each value of the parameter are associated the corresponding error bars,

evaluated from the standard deviation of the measure itself. This uncertainty results from

the process of statistical analysis followed by the programme. Indeed, while doing the fit, it

estimates the sum of squared errors (SSE), which is the sum of the squares of the deviations of

the actual values from the predicted ones. Once determined the value of each coefficient that

minimize the deviations of the fit curve from the expected values, it evaluates the range of each

parameter in which the fit remains appreciable, giving the corresponding confidence interval.

This value is meaningful for the single measurement, but it has not a significant importance for

the particular analysis that we want to perform, due to the fact that the dispersion of different

values is wider than the error associated to the single measure. This divergence from the mean

value, leading to a distribution of points around it, results from the so-called systematic errors,

i.e., errors that are not determined by chance but are introduced by other variables inherent

in the system. In general, this kind of error, linked to the reproducibility of experiments, is a

component that remains constant or depends in a specific manner on some other quantity, for

example temperature or humidity of the laboratory, variables that cannot be controlled.

For the purposes of our analysis it is interesting to note that the scatter of the points is much

bigger than the error on the single measurement. We interpret this fact as the influences of

external factors are more important than the single measurement’s deviation.

3.4 Mechanical analysis

When an ultrashort pump pulse excites a metal particle, the absorbed energy is first conveyed

to the conduction electrons, which collide within some tens of femtoseconds through electron-

electron interactions. On a 1 ps timescale, the hot electrons thermalize with the lattice, and,

still later, the whole particle cools down to ambient temperature via heat diffusion. The sudden

heating of the electron gas has mechanical effects, as we can see in Figure 3.3. The vibra-

tional properties of nano-objects have been extensively studied during the last decades because

they offer many possibilities for their characterization (for instance to determine their size or

cristallinity) and is a unique means for investigating their interaction with the environment.

The vibrational eigenmodes of a single material nano-object are usually described through a

macroscopic model based on continuum mechanics and using bulk elastic constants of the con-
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stituting materials. Although this approach disregards the discrete atomic structure of the

objects themselves, it has been shown to excellently reproduce their vibrational frequencies and

we will thus use it to describe the vibrations of gold nanospheres. We assume that our material is

homogeneous and isotropic, i.e., polycrystalline, and we consider objects with spherical symme-

try, that is formed by a spherical core of radius R1, surrounded by m spherical shells of thickness

Rj+1 �Rj , and embedded in an infinite matrix, that constitutes the external environment.

We now consider a pure sphere (i.e., the m = 0 case), for which all normal modes can be com-

puted semianalytically. However, as we are primarily interested in time-resolved investigations,

we will only consider modes displaying radial simmetry, which are selectively launched in such

experiments due to the isotropy of the excitation process. The displacement field associated

with these modes, u(r, t) = u(r, t)u
r

, spatially depends only on the radial coordinate r, and it

is the solution of the radial Navier equation

⇢
d2u

dt2
= (�+ 2µ)


d2u

dr2
+

2

r

du

dr
� 2u

r2

�
(3.1)

where � and µ are the Lamè constants of the material forming the object, and ⇢ is its density.

The eigenmodes correspond to harmonic solutions of Equation 3.1:

u(r, t) = u(r) exp (i!̃t) (3.2)

where the vibrational frequencies !̃ are real or complex valued in the case of free and matrix-

embedded particles, respectively. In the latter case, their imaginary part reflects damping of

the vibration mode by the transfer of mechanical energy to the matrix. As for the vibration of

a macroscopic resonator, the properties of vibrational eigenmodes, i.e., their frequency !̃ and

displacement field u(r), are thus imposed by the boundary conditions, that is continuity of the

displacement and of the radial component of the stress tensor �rr at the nanoparticle-matrix

interface. For a radial mode, �rr is connected to the field u(r, t) by

�rr = (�+ 2µ)
du

dr
+ 2�

u

r
(3.3)

Assuming that the sphere is not embedded in any matrix (Figure 3.7) the boundary condition
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is given by

�rr(R) = 0 (3.4)

where R stands for the particle’s radius.

Core (c)

Figure 3.7: Example of a free pure gold nanosphere.

Eigenfrequencies are given by

⇠ cot ⇠ = 1� ⇠2

4

✓
CL

CT

◆2

with ⇠ =

!R

CT
(3.5)

In Equation 3.5, CL and CT stand for longitudinal and trasversal velocity of sound in the

specific material1, respectively.

If we suppose that the nanoparticle is embedded in an infinite matrix, as schematically shown

in Figure 3.8, the Navier equation becomes

⇠ cot ⇠ = 1� ⇠2(1 + i⇠/↵)

⌘⇠2 � 4↵2�2(1� 1/⌘�2
)(1 + i⇠/↵)

(3.6)

with

↵ = C(m)
L /C(c)

L , � = C(m)
T /C(c)

T , � = C(m)
T /C(m)

L , ⌘ = ⇢(m)/⇢(c)

Evaluating the effect of the external environment, there are two boundary conditions: first,

the continuity of displacement and stress, in addition the diverging acoustic wave in the ma-

trix. This model is generalizable to an arbitrary number of layers and gives a solution similar

to Equation 3.2, with complex !̃, i.e., complex frequencies that imply energy dissipation. The

second result is a weak modification of vibration frequencies, that become lower because of the
1For the value of constants, see [20]
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Matrix (m)

Core (c)

Figure 3.8: Gold nanosphere embedded in a matrix.

presence of a matrix around the particle. In this case, the eigenmodes of the nanoparticle are no

longer exactly eigenmodes, but quasi-steady states, that is particle’s modes subject to a damping.

To find the frequencies of particle’s mechanical oscillations, we compute a Discrete Fourier

Transform (DFT) of the residual between signal measured and the double-exponential fit per-

formed. The DFT relates the function’s time domain to the function’s frequency domain and it

is defined conventionally as

ˆf(k) =

Z +1

�1
f(x)e�2⇡ik·xdx (3.7)

ˆf(x) =

Z +1

�1
f(k)e2⇡ik·xdk (3.8)

Equations 3.7 and 3.8 are equivalent to the Fast Fourier Transform (FFT), that computes

the discrete summation

Fk =

NX

n=1

fne
�2⇡i(k�1)(n�1)/N , 1  k  N (3.9)

with Fk the DFT of a signal fn (with index n = 1, 2, . . . , N). The inverse transform is given by

fn =

1

N

NX

n=1

Fke
�2⇡i(k�1)(n�1)/N , 1  k  N (3.10)

Our signal is formed by a discrete number of points N , so the best frequency resolution of FFT

is

�⌫FFT =

1

N ·�t
=

1

tmax
(3.11)

where �t and tmax are the resolution and the temporal window of the measure, respectively.
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An example of the residual and the relative Power spectrum is shown in Figure 3.9
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Figure 3.9: (a) shows the residual of �Tr/Tr versus delay time obtained from the fit represented in
Figure 3.4. In (b) we can see the Power Spectrum of residual in (a). It is interesting to observe two
peaks, corresponding to the frequencies of the two oscillations evident in (a).

From the values of frequencies, it is possible to estimate the period of these mechanical

oscillation as the inverse of frequency itself: T =

1
⌫ . Looking at the residual of �Tr/Tr (Figure

3.3), we can see that there is a damping of the mechanical oscillations. We are now interested in

finding and analysing the rates of decay. To do this, we have performed a fit of the experimental

data, as shown in Figure 3.10, using a linear combination of two damped sines2.

As for the thermal analysis, we are interested in fit coefficients, amplitude A, angular fre-

quency ! and phase �, for each oscillators of both samples. First of all, we want to examine if
2For the complete procedure, see Appendix A.2
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Figure 3.10: Residual of �Tr/Tr (red trace) and fit curve obtained with two damped sines (blue trace).

there is any trend to cluster. To do this, we plot each fit coefficient for the first oscillator versus

the corresponding value for the second one. The results are represented in Figure 3.11.
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Figure 3.11: Amplitude A, angular frequency ! and phase � for the first oscillator versus same coeffi-
cients for the second one. Red markers represent the values corresponding to the sample with pure gold
nanoparticles, while blue dots the ones corresponding to the sample with 1:10 diluited nanospheres.

Looking at the graphs, we can deduce that it is not possible to identify a real trend to cluster,
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therefore such a kind of analysis does not allow us to distinguish one sample from the other,

that is the different diluition of nanoparticles on the substratum does not affect significantly the

evaluated mechanical fit coefficients. However, it is important to remind that the scatter of the

points, which is much more important than the deviation of a single measurement, is due to

external factors here neglected. Though, it is interesting to find the theoretical eigenfrequencies

of the particle’s radial eigenmodes and compare them with the values obtained from the fit.

Along these lines, we will proceed in two ways:

• We suppose to fix the value of our particle’s radius at 20nm and we observe the position

of period vs radius with respect to the theoretical eigenfrequencies obtained by solving the

Navier equation.

• Projecting the value of the period obtained experimentally on the line of theoretical eigen-

frequencies, we find the radius of the nanoparticle.

The first step of the analysis consists in finding the values of eigenfrequencies, solving Equa-

tion 3.5, that is finding the intersection points of ⇠ cot ⇠ and the parabola ⇠2

4

�
C

L

C
T

�2. Once found

the value of ⇠, knowing that ! = 2⇡⌫, eigenfrequencies are calculated as

⌫ =

⇠ · CL

2⇡R
(3.12)

The problem can be solved both graphically, plotting in the same plane the two functions

and acquiring the intersection points, and algebraically, through mathematics programs. The

graphic solution in represented in Figure 3.12.

The values of ⇠, corresponding to the fundamental breathing mode and to the first eigen-

modes, n = 0 and n = 1 respectively, are

⇠0 = 2.94528 for n = 0 (3.13)

⇠1 = 6.19355 for n = 1 (3.14)

From these values, we obtained the corresponding eigenfrequencies for different radius of the

particle, from 5 nm to 50 nm, that are related in the following Table.
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R [nm] ⌫0(R) [GHz] ⌫1(R) [GHz] ⌫COMSOL [GHz]

5 303.8 639 326

10 151.9 319.4 163

15 101.3 212.9 109

20 75.9 159.7 82

25 60.8 127.8 65

30 50.6 106.5 54

35 43.4 91.3 47

40 38.0 79.8 41

45 33.8 71.0 36

50 30.4 63.9 33

Table 3.3: Values of eigenfrequencies for the fundamental and second breathing mode, ⌫0 and ⌫1 respec-
tively, and theoretical values obtained from a simulation with COMSOL, ⌫COMSOL. All the frequencies
have been calculating for different values of the radius, from 5 to 50 nm.

The last column, ⌫COMSOL, represents the values of frequency with radius variations provided

by COMSOL Multiphysics, a specific simulator software, for the fundamental breathing mode

(n = 0). In Figure 3.13 and Figure 3.14 are shown the two-dimensional and three-dimensional

graphic simulations, respectively, of the fundamental breathing mode of a gold nanosphere with

a radius of 25 nm.

Looking at the table, we can observe that values provided by the software are slightly higher

than those gained from the solution of Navier equation and frequency linked to the first eigen-

mode, n = 1, is about two times the frequency corresponding to n = 0. It is important to

remind that we are able to excite, that is to see, only eigenmodes with the same symmetry of
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Figure 3.13: Two-dimensional simulation of the fundamental breathing mode of a gold nanosphere with
a radius of 25 nm. The blue area represents the nodal point of the eigenmode, that is the area of sphere
which is not subjected to any displacement. As we can see, for this specific breathing mode, there is
only one nodal point located in the centre of the particle. In red are represented the areas of maximum
expansion. Black arrows show the direction and the intensity of the displacement.

Figure 3.14: Three-dimensional simulation of the fundamental breathing mode of a gold nanosphere
with a radius of 25 nm. In blue is shown the nodal point of the displacement, while in red are represented
the areas of maximum expansion.

the particle’s starting displacement. Knowing that the relation between period of oscillations

and particle’s size is given by

Tosc ⇡
D

CL
, where D = 2R (3.15)
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we can plot the inverse of ⌫, i.e., the period T , for each different excited eigenmodes, versus

radius R, and verify their direct proportionality.
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Figure 3.15: Linear dependence of period on the size of the particle shows for the theoretical values
obtained from COMSOL, (a), and for the ones acquired from the solution of Navier equation, (b).

The fit function used is a line, defined as y = a + bx, where a stands for the y-intercept

of the line and it is 0 in this case, while b, the slope of the line, assumes two different values,

corresponding to n = 0 and n = 1 modes. The first analysis consists in plotting the oscillation

periods obtained from the fit of experimental data versus R = 20nm, which is the value of

particle’s radius given by the datasheet. In this way, we can observe if there is any particular

distribution around the expected value of period. In doing this analysis we divided the experi-

mental periods of pure nanoparticles from the ones of diluited nanoparticles, and the results are

shown in Figure 3.16 and Figure 3.17, respectively.

Observing Figure 3.16, we can recognize two different cluster of points, green ones and black

ones. The former, representing a period of ⇠ 15 ps, is similar to the theoretic value corre-
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Figure 3.16: First (black markers) and second (green markers) oscillation periods obtained from the fit
of experimental measures performed on pure nanoparticles versus nominal value of radius provided by
the constructor, R=20 nm.

sponding to the fundamental breathing mode (n = 0) calculated for a free gold nanosphere.

Although the experimental values are slightly higher than the theoretical one, we can infer that

they are confident, due to the fact that the presence of an external environment, neglected in

the evaluation of theoretical period, reduces the frequency of oscillations, leading to an increase

of the period. As we can see, the second group of points, identified by black markers, is far

from both the theoretic lines that represent the fundamental and the first radial breathing mode

of a sphere. In this case, we have oscillation periods of ⇠ 80ps (corresponding to values of

frequencies of the order of ⇠10 GHz), higher than the ones ascribed to the eigenmodes of a

gold nanosphere, between 5 and 15 ps. Those values could be associated to the oscillations of

the streptavidin-biotin antibodies system, characterized by an high affinity. The possibility to

observe the period, i.e., the frequency, of the biological system that characterized our sample is

extremely interesting and it would be of primary importance in order to distinguish the different

structure of the particular biological composition connected to the nanoparticle.

Figure 3.17 shows the measurements on the sample with diluited nanoparticles. The distri-

bution of periods is similar to the one seen for the first sample, with a group of points focused

around the expected value for the fundamental breathing mode of a free sphere, and the other

one characterized by a period of ⇠ 80ps, far from values typical of the first eigenmode. This fact

allows us to reach an important conclusion, that is different diluition of nanoparticles has not a

significant effect on the mechanical oscillations that we are interested to analyze. Moreover, we
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Figure 3.17: First (black markers) and second (green markers) oscillation periods obtained from the
fit of experimental measures performed on 1:10 diluited nanoparticles versus nominal value of radius
provided by the constructor, R=20 nm.

can suppose that all our measurements have been always performed on a single nanoparticle,

due to the direct proportionality between period of oscillations and size of particles.

At this stage, there is another kind of analysis that we can perform, that allows us to find

the distribution of nanoparticle’s radius around the value of 20 nm provided by the constructor.

To do this, we got the value of the slope of both lines, b0 and b1, from the fit, then we solve the

inverse equation

R =

T

b
(3.16)

From the results previously obtained and discussed, we can expect that this evaluation is

reasonable only for the period of sphere’s oscillations and that it gives believable results if those

oscillations are related to the fundamental breathing mode. For this reason we have considered

T2, that is ⇠ 15ps, and calculated the corresponding value of radius. Results are represented in

the following graphs.

Figure 3.18 shows the oscillation period of the nanospheres on the sample with no diluited

particles versus the value of radius obtained by solving the equation T0 = b0R. It is interesting

to observe that the range of values is between 20 and 35 nm, i.e., the diameter of particles is

about 40� 70 nm. Knowing that the mean diameter provided by the constructor is 20 nm, we

can suppose that all our measurements have been performed on a single nanoparticle, leading
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Figure 3.18: Distribution of particles’ radius for pure gold nanospheres in the case of excitation of
fundamental breathing mode (green markers) or when the first eigenmode of a sphere is excited (violet
markers). Only the shorter experimental oscillation period T2 has been considered.

to excite and, then, observe the fundamental breathing mode of a gold sphere.

By contrast, pink markers represent the period versus the value of radius provided by equation

T1 = b1R, giving higher size of particle, which would have a diameter of about 90 � 140 nm.

These results are not confident with the expected value, proving that we are not observing the

first eigenmode of the sphere.
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Figure 3.19: Distribution of particles’ radius for 1:10 diluited gold nanospheres in the case of excitation
of fundamental breathing mode (green markers) or when the first eigenmode of a sphere is excited (violet
markers). Only the shorter experimental oscillation period T2 has been considered.

38



Figure 3.19 represents the results obtained by performing the same analysis on the sample

with diluited gold nanoparticle. It is important to underline the same distribution of the size of

particles, that justify and confirm the hypothesis of evaluating the fundamental eigenmode of a

single nanosphere.
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Chapter 4

Conclusions and future perspectives

The aim of this thesis is to analyze and study optical properties of gold nanoparticles immobilized

on a functionalized surface through the strong chemical bond between biotin and streptavidin.

To do this we performed pump & probe measurements on samples with two different diluitions of

nanospheres and compared the results in order to evaluate if there is any connection between the

concentration of nanoparticles and their thermomechanical dynamics, that allows to distinguish

the different composition of the samples.

Our work has been developed in two ways: first, we studied the thermal dynamics of nanopar-

ticles, then we focused on the analysis of mechanical oscillations, trying to find and understand

their nature.

From the evaluation of thermal properties we obtain informations about amplitude and rate of

decay of exponentials, that allow us to observe the presence of a single characteristic time, linked

to the thermal dynamics, independent from the concentration of particles, but an early trend of

amplitudes to cluster around a mean value, slightly different depending on the diluition of the

sample. This informations can be improved further, making a more detailed analysis, such as

cluster analysis, in order to provide a more accurate picture on the actual trend to cluster.

Afterwards, the study of mechanical dynamics has been presented, obtaining the oscillation pe-

riods and the corresponding relaxation times. Doing an analysis similar to that carried on the

thermal part, we are not able to find any meaningful distinction between the different samples.

However, it is interesting the comparison between the frequencies obtained from the experimen-

tal data and the theoretical values given by the eigenfrequencies of the corresponding excited

eigenmodes. From the dependence of oscillation period on the size of particles, supposing to
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know the exact value of particle’s radius, we can observe a significant trend to cluster around

the corresponding value of eigenfrequency for the fundamental breathing mode of a sphere, that

underline the excitation of the mode itself. By contrast, assuming that the right size of particles

is unknown and that the excited eigenmode is the fundamental one, we observe a reasonable

distribution of radius around the nominal value provided by the constructor.

Although these analysis allow us to make interesting considerations, there are some aspects that

can be improved in the future. First of all, it would be interesting to evaluate the influence of

the external environment on the oscillation period of sphere, estimating the theoretical eigen-

frequencies for a matrix-embedded particle. Then, it would be important to understand if there

is any connection between the oscillation of the biotin-streptavidin bond, that immobilized gold

nanoparticles on the surface, and the low-frequency oscillation experimentally observed.
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Appendix A

Fit procedures

In this Appendix we show the complete fit functions used both for the thermal and mechanical

analysis, explaining the meaning of coefficients.

A.1 Thermal fit

For the thermal analysis, the fit function is a linear combination of two exponentials, expressed

by the following equation

f(x) = x ·

A1 exp

✓
� x

|⌧1|

◆
+A2 exp

✓
� x

|⌧2|

◆�
(A.1)

In Equation A.1, A represents the amplitude of each exponential and ⌧ is the rate of decay.

In our analysis we imposed the condition x � 0.

A.2 Mechanical fit

The function used for the fit of mechanical oscillations is a sum of two damped sines and it is

given by
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where ! is the angular frequency of oscillations, � is the phase, A represents the amplitude

of exponential and ⌧ the corresponding rate of decay. x0 is the value on the x-axis where the fit

starts and we impose two conditions on x̂ and x, rexpectively: x̂ � x0 and x � 0.
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Appendix B

Electronics and devices

B.1 High-speed Photodetector

Let’s describe the characteristics of electronic devices used for data acquisition. The Balanced

Amplified Photodetector Thorlabs PDB430A is characterized by two channels, reason why we

define it as differential photodetector. Both the ASOPS system and the technique adopted

require this kind of detector in order to acquire the signal difference between the intensity of

the transmitted and the reference beam. The technical specifications of these devices satisfy the

needed requirements. In particular, we need an high temporal resolution and a low noise.

B.1.1 Differential Photodetector: PDB430A

Thorlabs PDB4xx series Balanced Amplified Photodetectors consist of two well-matched photo-

diodes and an ultra-low noise, high-speed transimpendance amplifier that generates an output

voltage (RF OUTPUT) proportional to the difference between the photocurrents in the two

photodiodes, i.e. the two optical input signals. Additionally, the unit has two monitor outputs

(MONITOR+ and MONITOR-) to observe the optical input power levels on each photodiode

separately.

Figure B.1 shows a functional block diagram of the PDB4xx series balanced amplified photode-

tectors.

The PDB4xx series is powered by external power supply (±12 V , 200 mA). The main features

of photodetector are related in Tables B.1 and B.2. Table B.1 lists common technical data of

the PDB4xx series, while Table B.2 lists the individual features of Thorlabs PDB430A. To avoid
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damaging the photodiodes, it is important to monitor beams’ intensity.

Figure B.1: PDB4xx Series Functional block diagram
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Common Technical Data - PDB4xx Series

Max. Input Power 20 mW (photodiode damage threshold)
RF-Output Impendance 50 ⌦

RF OUTPUT voltage swing, max. ± 3.6 V (high impendance load)
Monitor Output Impendance 220 ⌦

Monitor Output Bandwidth DC 1 MHz
Conversion Gain Monitor Outputs 10 V/mW @ peak responsivity

Monitor Output voltage noise 180 µV RMS
DC-offset MONITOR Outputs < ± 2 mV

Size 85x80x30 mm3

Power Supply ± 12 V, 200 mA

Table B.1: Common features of PDB4xx Series. All technical data are given at 23 ± 5

�C and
35 ± 15% relative humidity.

Individual Technical Data - Thorlabs PDB430A

Detector Material/Type Si / PIN
Wavelenght Range 320 nm - 1000 nm

Typical Max. Responsivity 0.5 A/W
Detector Diameter 0.4 mm

RF-Output Bandwidth (3dB) DC - 350 MHz
Transimpendance Gain 10 x 103 V/A

Conversion Gain RF-Output 5x103 V/W
CW Saturation Power 720 µW @ 820 nm

Overall output voltage noise 1.5 mV RMS

Table B.2: Individual features of Thorlabs PDB430A
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Appendix C

Acronyms

ASOPS ASynchronous Optical Sampling

ECOPS Electrically Controlled OPtical Sampling

CCD Charge-Coupled Device

HR High Reflectivity

PBS Phosphate Buffered Saline

SPM Scanning Probe Microscopy

DFT Discrete Fourier Transform

FFT Fast Fourier Transform

SSE Sum of Squared Errors

CL longitudinal velocity of sound

CT transversal velocity of sound

�U energy density

�⌫ detuning frequency

Tosc oscillation period

T temperature

P power

A amplitude

I intensity

R radius of the particle

D diameter of the particle

�ext effective cross section
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�rr stress tensor

ur displacement field

⌫ frequency

f focal lenght

� wave length

⌧ rate of decay

⇢ mass density

! angular frequency

� phase
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