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A B S T R A C T   

Time-effective, unsupervised clustering techniques are exploited to discriminate nanometric metal disks 
patterned on a dielectric substrate. The discrimination relies on cluster analysis applied to time-resolved optical 
traces obtained from thermo-acoustic microscopy based on asynchronous optical sampling. The analysis aims to 
recognize similarities among nanopatterned disks and to cluster them accordingly. Each cluster is characterized 
by a fingerprint time-resolved trace, synthesizing the common features of the thermo-acoustics response of the 
composing elements. The protocol is robust and widely applicable, not relying on any specific knowledge of the 
physical mechanisms involved. The present route constitutes an alternative diagnostic tool for on-chip non- 
destructive testing of individual nano-objects.   

1. Introduction 

Nanofabrication is one of the mainstays of modern technology and 
metallic nano-objects are important building blocks, used in various 
technological contexts. For instance, metallic nanoparticles synthesized 
by laser ablation [1–3] or gas-phase deposition [4–6] are emerging as 
useful materials in a variety of fields. Functionalized gold nanoparticles 
[7,8] are extensively used in technological areas spanning from novel 
optical biosensors [9], distribution of drugs to diseased organs [10,11], 
photothermal cancer treatment[12,13], new mass sensors [14]. In this 
context, patterned metallic nanostructures or lithographed on dielectric 
or conductive surfaces are particularly relevant, finding applications 
across a wide variety of fields such as electronics and microsystems, 
medical and biotech devices, optics and photonics, environment and 
energy harvesting applications [15–17]. 

As a consequence of their widespread use, it is important to develop 
fast, reliable, and unsupervised methods to sort out problems in nano-
manufacturing [18,19] such as the inspection of the production 

uniformity and the detection of outliers, i.e. defect control. The primary 
inspection tools for nano-objects are the set of available well-established 
microscopy techniques, that proved invaluable to study metallic nano-
particles in different environments and nanostructures in general [20]. 
Ultrafast optical methods have recently emerged as competitive tech-
niques for nanometrological inspection of devices [21–29]. However, 
there are situations where established techniques may not be the best 
choice for the tasks outlined above. 

For instance, optical microscopy techniques [30,31] recently 
allowed to discriminate morphological features of nominally identical 
nanopatterned samples of subwavelength dimensions. Morphological 
information was ultimately retrieved implementing standard FEM sim-
ulations of the electromagnetic problem at hand while varying the 
samples’ geometric parameters, until simulated features, similar to the 
experimental ones, were obtained [32]. However, this procedure is 
extremely time-consuming, needs to be readapted to each specific 
sample geometry/composition and it requires constant operator super-
vision together with a very fine knowledge of the sample itself to start 
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with. Hence, this technique is not suited as a diagnostic tool in a pro-
duction environment. Furthermore, also the higher resolution electron 
microscopies, such as Transmission Electron Microscopy (TEM) or 
Scanning Electron Microscopy (SEM) [20], are not suited for rapid and 
nondestructive sample imaging. The former is an inherently destructive 
technique, while the latter is affected by image distortion due to emitted 
secondary electrons when operating on an undoped dielectric substrate 
due to surface charging. Moreover, both techniques require working in a 
vacuum environment. Atomic force microscopy (AFM) [33] has reached 
scanning speed enabling, for instance, the imaging of proteins at video 
rates. However, AFM does not allow accessing encapsulated nano-
structures and the nanostructure interface with the substrate. Summa-
rizing, the above-mentioned microscopies, although serving as 
invaluable tools for a one-time inspection of a sample morphological 
feature, may not be the best suited for the rapid inspection of nano-
structures in an industrial environment. 

Cluster analysis is an unsupervised method that could be applied to 
Time-Resolved Thermo-Acoustic Microscopy (TR-TAM), in order to 
overcome the limitations of established microscopies and complement 
them [34,35]. To this aim, we here propose a discrimination technique 
based on TR-TAM and data mining techniques [36]. 

In many real-world applications, the nano-objects details and the 
environment characteristics are not known and a complete character-
ization is not required. When a manufacturing process fails or delivers 
nano-objects with characteristics different from the expected standard, 
the clustering analysis presented in this work may constitute a proper 
choice to isolate the outliers. As an example of this general issue, we 
focus on discriminating similar, nominally circular, metallic nanodisks 
nanopatterned on a dielectric substrate. Such a system is paradigmatic 
for a variety of applications ranging from plasmonics nano-resonators, 
nano-acoustic transducers, and whatever circular building block 
exploited in nanocircuitry. 

We will focus on the optical investigation of a single nanostructure. 
However, the clustering is not achieved by measuring a single charac-
teristic of the traces (e.g. the nanodisks acoustical and thermal kinetics 
as discussed below) but considering the differences/similarities among 
all the traces at once. In addition to being more robust, this analysis 
allows us to quantitatively retrieve average values for the clusters in a 
meaningful way, not normally achieved by single trace fitting, where the 
association of a trace to a cluster is a difficult choice when dealing with 
very similar traces. It is important to note that the global analysis of 
traces of single nanostructures gives more information than an analysis 
of traces averaged in experiments (e.g. a spectroscopic trace obtained 
from polydispersed nanostructures measured with a single laser spot) 
because in this case the outliers can be clearly identified and removed, 

thus avoiding to distort average values and failing to represent mean-
ingful data. 

The investigation is conducted by two-color infrared ASynchronous 
OPtical Sampling (ASOPS) pump–probe microscopy [37,38] on two sets 
of gold nanodisks of nominal diameters 90 and 100 nm, respectivley, 
deposited on a sapphire substrate, see Fig. 1. Since the excitation is in the 
infrared, the response from the gold nanostructures does not involve 
plasmonic resonances [32]. The technique is thus widely applicable, 
allowing us to choose the light wavelength to optimize, for example, the 
penetration into the host matrix and reduce scattering in turbid media. 
The ASOPS technique allows rapid scanning of the pump and probe 
delay, reducing drastically the time needed for a single measurement 
and simplifying the optical set-up, especially when coupled to optical 
microscopy. The time-delay is controlled electronically thus avoiding 
any moving mechanical stage. On one side, this grants superior stability 
of the optical beams with respect to the sample, on the other, an higher 
acquisition speed [39]. 

The signals obtained from the pump–probe experiments entail in-
formation on the relaxation of the energy injected in the nanodisk, in the 
form of an exponential decay (of both electron and thermal energy 
pathways) of the differential transmission of the probe beam. The me-
chanical (acoustic) oscillations, are superposed as a modulation on the 
decaying exponential [40,39]. The investigation is based on the optical 
excitation of different nanodisks structures and their discrimination 
based only on their optical response. The time-resolved spectra will be 
analyzed using two approaches: a hierarchical binary cluster tree 
dendrogram built using a euclidean distance (Ward Method) [41] and 
the singular value decomposition (SVD) analysis [42]. The hierarchical 
cluster analysis is usually adopted to discover relationships in data, the 
SVD has many useful applications in signal processing [43] and 
statistics. 

2. Experimental 

The laser system used in this work, based on the ASynchronous 
OPtical Sampling (ASOPS) technique [37,38], is coupled to a micro-
scope to perform single-nanoparticle pump–probe experiments, see 
Fig. 1(a), (b). Briefly, the system is composed of two fiber lasers with 
wavelengths of 780 nm (probe) and 1560 nm (pump) that emit pulses 
with a time width of about 150 fs at a 100 MHz repetition rate. The 
probe laser repetition rate is detuned with respect to the pump laser. 
Because of the detuning, a mutual temporal delay between the pump 
and the probe pulse is accumulated. The high intensity pump beam 
excites the sample and the probe beam, with lower intensity, captures 
the dynamic of the sample at a varying delay. The probe laser beam does 

Fig. 1. (a) Single-nanoparticle time-resolved optical microscopy technique. Pump (green) and probe (red) beams are tightly focused on a single nanodisk via a high 
numerical aperture objective. The transmitted beams are collected by an opposing objective identical to the focusing objective, only the probe beam is measured. (b) 
A close-up view of the single nanodisk with the sample geometrical structure and thickness. The nominal diameters varies and are 90 nm and 100 nm, respectively. 
(c) A typical time-resolved trace on a nanodisk evidencing the fast electron–electron and electron–phonon initial relaxation, the slower thermalization with the 
substrate and the oscillation due to the mechanical excitation of the nanodisk. 
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not substantially modify the optical response of the sample. In this way, 
the entire relaxation dynamic of the single-nanodisk sample is 
measured, Fig. 1(c). The all-electronic management of the temporal 
delay between the two laser pulses eliminates the problems that char-
acterize the traditional pump–probe method. With traditional tech-
niques, the maximum delay range is of the order of 1–3 ns without 
specialized efforts. Using the ASOPS technique, the temporal delay 
window is increased normally by one order of magnitude, up to 10 ns. 

The microscope is constituted by a focusing 50× long working dis-
tance objective with 0.55 NA, a sample scanning stage with few nm 
resolution, and a collecting objective identical to the focusing objective 
for the transmitted probe beam, Fig. 1(a). The beam sizes are shaped 
with telescopes before entering the focusing objective, the beam average 
power controlled via a half-waveplate – polarizer combination. The 
pump and probe beams enter the focusing objective collinearly and 
interact with the sample at normal incidence. The measured pump 
FWHM diameter is 2.4 μm, the probe FWHM diameter is 1.0 μm. No 
effort was made to achieve diffraction limited laser spot sizes, to keep 
the set-up as simple as possible in view of an on-line deployment for chip 
inspection. The typical pump fluence is 13 mJ/cm2, the probe fluence is 
0.5 mJ/cm2. The probe beam emerging from the collecting objective is 
injected via a parabolic mirror into an optical fiber and guided to a 
differential photodiode. The differential photodiode is balanced with a 
reference beam in the absence of the pump and measures the pump 
induced variation in the probe beam transmitted power. Knowing the 
average beam power, it is possible to measure the relative transmission 
variation induced by the pump pulse. A typical time-resolved experi-
mental trace is shown in Fig. 1(c). 

The sample substrate was divided in two sections, where, respec-
tively, disks with nominal diameters of 90 nm and 100 nm were nano-
patterned via standard Electron Beam Lithography. The nanodisks 
consist of 20 nm-thick Au adhering, via a 5 nm Ti adhesion layer, to a 
monocrystalline sapphire substrate (Al2O3) (R-plane cut, size 10 mm ×
10 mm and thickness of 127 μm), Fig. 1(b). The sapphire plate has the 
merit to be a transparent dielectric in the near infrared (refractive index 
1.76 @ 780 nm and 1.74 @ 1560 nm [44]) with thermal conductivity 
k = 30 Wm− 1K− 1 @ 300 K [45]. The choice of a transparent medium 
with a high k implies increasing the thermal diffusivity and allows us to 
consider the sapphire “almost” isothermal during the heat exchange 
process between nanodisk and substrate [6,46]. 

Here, we stress that both the nanodisks thickness and the diameters 
reported are nominal ones, so much as the fact that the disks are cyl-
inders. As a matter of fact, upon AFM and SEM inspections, diameter 
deviations of the order of 10% and non-flat cylinder tops have been 
observed throughout the sample. The nanodisks might also be affected 
by deviations from a circular top-view with varying degrees of ellip-
ticity. More specifically similar deviations have recently been reported 
on nano-patterned nanodisks with nominal diameters smaller than 100 
nm [32]. These aspects arise due to the complicacy entailed in per-
forming e-beam lithography on insulating substrates when designing 
sub 100 nm highly symmetrical features. Furthermore, electrons scat-
tering occurring within the e-beam resist exposes unwanted regions of 
the resist itself. This fact may lead to strong relative deviations with 
respect to the nominal pattern upon size reduction. In this respect, “90 
nm diameter” or “100 nm diameter” should be considered as labels 
referring to batches from separate manufacturing processes. The present 
sample thus constitutes an ideal system to evaluate alternative diag-
nostic tool for on-chip non-destructive testing of individual nano- 
objects. 

3. Results and discussion 

We identify three different temporal dynamics, corresponding to 
three different time scales as well documented in the literature [47,46]. 
Initially, the pump pulse excites the nanodisk, which absorbs an energy 

density U. The absorbed energy produces the heating of the electron gas 
of the metallic nanostructure in a sub-picosecond time scale. Succes-
sively, the electrons thermalize with the lattice’s phonons through 
scattering processes on a picosecond time scale. The effect is an increase 
of the lattice temperature Θ to Θ + ΔΘ, which causes thermal expansion 
of the nanostructure. As a result of these processes, we measure a 
decrease of the beam transmitted power induced by the pump pulse. 
Finally, the thermal energy accumulated in the disk relaxes toward the 
substrate on a nanosecond time scale. In this step, the energy density U 
absorbed by the nano-objects is transferred to the substrate in the form 
of mechanical and thermal excitations [48]. 

To investigate the dynamics outlined above, we measure the probe 
differential transmission, defined as ΔT/T = (P(on, τ) − P(off))/P(off), 
where P(on, τ) is the average probe power measured by a photodetector 
at a fixed delay time τ from the pump pulse, P(off) is the average probe 
power in the absence of the pump. 

As the dissipating processes take place, the nanostructure slowly 
returns to its thermo-mechanical equilibrium. The differential probe 
transmission ΔT/T tends to zero as the disk thermalizes with the sub-
strate. Together with the typical exponential decay, an oscillation in the 
relative transmittance ΔT/T, due to the launching of an acoustic (me-
chanical) mode in the nanostructure, is observed. 

In Fig. 2(a) we show all the experimental traces that will be analyzed 
below. The traces are smoothed to reduce the high-frequency noise. 
Each trace is measured on different individual Au nanodisks of nominal 
sizes 100 nm (5 disks) and 90 nm (4 disks), then normalized to the 
maximum absolute value. The numbering of the traces will be used in 
the subsequent analysis. In the following, we concentrate on long tem-
poral dynamics and have left out from the fitting analysis the sub-ps 
peak near delay zero, which has been studied in the literature [47] 
and does not convey much information for our purposes. Each curve has 
been fitted with a double decaying exponential (colored lines). The ex-
ponentials are characterized by two distinct decay times. A slow decay 
time of the order of 2 ns and a fast decay time of the order of 200 ps. To 
analyze the acoustical frequencies, the residuals of the fit to each trace 
are Fourier transformed, shown in Fig. 2(b). In each Fourier spectrum, 
we note two main peaks, the highest in magnitude around 15–20 GHz 
(frequency f1) and a secondary peak in the region 9–12 GHz (frequency 
f2). The main peak in each frequency region is highlighted with a mark 
and the numerical value of the frequency in GHz. 

To rationalize these frequencies, we made a finite element model 
(FEM) of the gold nanodisk, the titanium adhesion layer and the sap-
phire substrate (see supporting information (SI), Section 1 and Fig. 1 for 
details). The mechanical resonances of the nanodisk were identified by 
applying isotropic stress at a varying frequency and quantifying the 
stored mechanical energy. The stored energy versus frequency maxima 
allows to identify the resonances of the mechanical system (see Fig. 2 in 
SI). The calculated resonant frequencies for disks whose nominal 
diameter varies from 90 nm to 100 nm are in the 15–20 GHz range 
accessed in experiments. However, the simulations do not show any 
resonance peak in the 9–12 GHz, as seen in the experiments. To justify 
those low-lying frequencies, a 2 nm thick transition layer has been added 
between the adhesion titanium layer and the substrate to model the 
interface properties responsible of the disk adhesion. The transition 
layer mechanical properties are obtained as a weighted average of those 
of Ti and Poly(methyl methacrylate) (PMMA). The presence of PMMA is 
justified as a spurious addition during the deposition process. When the 
transition layer PMMA filling factor, defined as the PMMA percentage 
content entering the transition layer, approach unity, the model shows 
low-lying mechanical resonances in the 9–12 GHz range (see Fig. 3 in 
SI). For further details refer to SI, Section 1. 

3.1. Hierarchical clustering 

The dynamics measured on the disks with different dimensions are 
similar, the signature of the specific time-response residing in tiny 

A. Ronchi et al.                                                                                                                                                                                                                                  



Ultrasonics 114 (2021) 106403

4

differences. It is important to note that the traces are affected by noise 
fluctuations superposed on the exponential decay dynamic due to the 
different experimental conditions (temperature, humidity, laser fluctu-
ations, etc.). In this section, we discriminate the traces using a dendro-
gram through a hierarchical clustering principle. A dendrogram is a tree 
diagram frequently used to illustrate clusters produced by hierarchical 
clustering obtained using algorithms known as linkage rules. We have 
used a linkage rule known as “Ward’s minimum variance method” [41]. 
This method has been used extensively in marketing, linguistics, bio- 
medical and geospatial research, much less in physics and nanotech-
nology. Ward’s method clusters data with the criterion to minimize the 
total within-cluster sum of squares (or variance) of the Euclidean dis-
tances between the objects in the cluster and its centroid. For a technical 
description, see the SI, Section 2. 

The results of hierarchical clustering applied directly to the experi-
mental traces in Fig. 2 a) are presented in the linkage plot and 
dendrogram shown in Fig. 3. In this case, each trace is interpreted as a 
point in a highly dimensional trace space, with many dimensions D =
3145. The data form two clusters. Each cluster is associated with a 
different nanodisk’s diameter. 

Besides the traces themselves, hierarchical clustering applies to the 
parameters that result from a fitting procedure. We fit these traces using 
a linear combination of two decaying exponentials (4 fit parameters: two 

amplitudes, two decay times), leaving out the initial fast peak due to the 
electronic response. Successively, a linear combination of two damped 
cosines at different frequencies (8 fit parameters: two amplitudes, two 
damping times, two frequencies, two phases) fit the residuals of the two 
decaying exponentials. We organize the fitting parameters of each trace 
in a 12 × 9 matrix F. See SI Section 3 for more details and Section 3.2 for 
fitting results. Since the fitting parameters are heterogeneous, to avoid 
the dependence of distances in the parameter space from the choice of 
dimension units, the rows of F have been normalized to zero average and 
unit standard deviation. The results of hierarchical clustering applied to 
the normalized parameters matrix F are shown in the linkage plot and 
dendrogram in Fig. 4. The data form two distinct clusters, each associ-
ated with one nanodisk’s diameter. The parameter space has much lower 
dimensions (D = 12) than the trace space. In both analyses, hierarchical 
clustering reveals the internal similarities in data, discriminating time- 
resolved optical traces from objects in the 100 nm range differing in 
dimension by 10%. 

The dimensional reduction, however, requires a physical model to 
derive the fit functions. It is important to note that this is an unsuper-
vised clustering algorithm, particularly appropriate for automatic 
analysis. Once set a threshold to discriminate clusters (usually in terms 
of a percentage of the maximum linkage distance), the algorithm auto-
matically identifies them. Specific labeling of the traces is not necessary. 

Fig. 2. (a) Differential transmission versus time delay measured on single nano-disks. The curves have been normalized with respect to the maximum absolute value 
and have been restricted to a temporal range up to 3 ns. The colored lines are double-exponential fits to the data (in gray). Red lines: 100 nm diameter single- 
nanodisk. Green lines: 90 nm diameter single-nanodisk. (b) Fourier transform of the residuals obtained from the fitting procedure, with the same numbering and 
color codes. The black marks highlight the prominent peaks in the frequency regions 9–12 GHz and 15–20 GHz. The numerical values of the peak frequencies are 
reported in GHz. 

Fig. 3. Hierarchical cluster analysis of the trace space. (a) Linkage distance for each clustering step. (b) Dendrogram obtained using the Ward method. The vertical 
lengths between nodes are proportional to the linkage distance. Shades of red: 100 nm gold nanodisks. Shades of green: 90 nm gold nanodisks. 
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We use knowledge of labels a posteriori to prove that the algorithm dis-
criminates correctly. 

3.2. Singular value decomposition 

We organize the experimental traces as columns of a m × n data 
matrix X. Rows (m) map the delay time, columns (n) enumerates the 
different traces, and the matrix values are the probe differential trans-
mission. Each column is as a vector xk,k = 1…n, in a high-dimensional 
space, whose dimension is equal to the number of delay times. SVD is a 
linear transformation that factorizes the data matrix as X = USVT 

[42,49,50], where U is a matrix with the same dimensions as the dataset 
X. The columns of U are orthonormal vectors uk, called left singular ei-
genvectors. V is a square n × n matrix whose columns are constituted by 
orthonormal vectors vk, called right singular eigenvectors. S is a square 
diagonal n × n matrix whose values sk are the eigenvalues associated 
with the eigenvectors called the singular values. Since the base vectors 
are much less than the space dimensions (n≪m), we need as many 
singular values as left singular eigenvectors, i.e., the number of columns 
of U. By convention, the high-to-low sorting of eigenvalues, with the 
highest eigenvalue in the upper left corner of the S matrix, determines 
the ordering of the left singular eigenvectors. See SI, Section 4 for the 
SVD algorithm. 

The left singular eigenvectors form a base onto which it is possible to 
project the experimental traces and reconstruct them as a weighted sum 
of projections. The weights needed for the reconstruction are given by 
the n × n coordinate matrix M = SVT. The coefficients of M are the 
projections onto the left singular eigenvectors. The rows of M contains 
the coordinates of each measurement represented on this base. A useful 
way to reconstruct the experimental traces is expressed as xk =
∑n

j=1vjksjuj =
∑n

j=1mjkuj, where mjk = vjksj are the elements of M. The 
elements of mjk can be interpreted as the projections of the kth trace onto 
the jth eigenvector. Note that the singular values show the importance of 
the corresponding eigenvectors in reconstructing the dataset. Their 
ordering establishes a hierarchy. The first few eigenvectors account for 
an accurate approximate dataset reconstruction (dimensionality 
reduction). 

The SVD decomposition guarantees that the approximation obtained 
using a limited number of projections to reconstruct the data matrix X is 
the best possible approximation in a least-square sense [49,42]. We use 
this low-rank approximation (or dimensionality reduction) to discrimi-
nate data and at the same time gain information on the dataset. 

We use the entropy criterium to assess the smallest set of projections 
that give a good approximation and robust discrimination. The Shannon 
entropy E is defined through the singular values of the dataset as 0⩽E =

1/log(n)
∑n

k=1pklog(1/pk)⩽1, where pk = s2
k/
∑n

j=1s2
j [51]. Intuitively, 

Shannon entropy measures the missing information on a specific dataset. 
Low entropy means small differences between dataset elements, hinting 
at a dominant common backbone that explains the data variance. A high 
entropy shows the absence of similar features among the elements, 
hinting at a noise dominated dataset. 

To assess the contribution of each eigenvector to the dataset entropy, 
we exclude (filter out) one singular value at a time in calculating the 
dataset entropy. Each filtered dataset is obtained by substituting zero for 
the singular value sk in the diagonal matrix S when using the SVD 
reconstruction. 

Fig. 5 a) reports the entropy calculation for the complete dataset (k =

0) and for 9 filtered dataset (k = 1…9), where the projection on the kth 

eigenvector is excluded from the data reconstruction. Entropy increases 
by removing the first projection. Removing one of the remaining pro-
jections only slightly modifies the entropy value of the dataset. Clearly, 
the first projection (k = 1) carries most of the features common to all the 
elements, and reconstructing the dataset without its contribution leaves 
a quasi-random influence from the other eigenvectors and thus a high 
entropy for the reconstructed dataset. Instead, the projection on the 
eigenvectors with indexes k = 2…9, carry a noisy component equally 
distributed among them, and removing any one of them does not sub-
stantially modify the entropy value calculated for the complete dataset. 

For discrimination purposes, similar features to all data are not 
useful, nor are noise dominated features. Thus, the best compromise 
appears to reconstruct data using two projections. The first one brings 
the dataset backbone and gives a small contribution to the entropy of the 
dataset. The second projection contributes the most to the entropy and 
has the highest singular value among the high entropy eigenvectors, see 
Fig. 5 b). This bi-dimensional low-rank approximation of a single trace 
xr

k, column vector of the low-rank matrix Xr, can be written as xr
k =

∑2
j=1vjksjuj =

∑2
j=1mjkuj, where mjk = vjksj are the elements of the 2 × 9 

projection matrix M. Each column of M gives the bidimensional pro-
jections over the base vectors uj of the data xk. Each measurement is thus 
identified by a point in a two-dimensional space, whose coordinates are 
the elements of the coordinate matrix (m1k,m2k). In Fig. 6 we visualize 
the distribution of these points. In the scatter plot, these points form two 
clusters, evidenced as disjointed convex hulls. Each cluster contains 
points corresponding to the same nanodisk diameter. The convex hull of 
a cluster of points is the smallest convex polyhedron that contains all the 
cluster’s points. In conclusion, SVD captures and analyzes the main 
differences in the spectra and perform robust and multivariate unsu-
pervised discrimination with only two parameters. 

Besides the primary scope of this work, i.e., the unsupervised and 
low-dimensional discrimination of different nanodisk batches, SVD al-
lows the reconstruction of the average characteristic response of the 
identified clusters. The two largest singular values account for more than 

Fig. 4. Hierarchical cluster analysis of the fit parameter space. (a) Linkage distance for each clustering step. (b) Dendrogram obtained using the Ward method. The 
vertical lengths between nodes are proportional to the linkage distance. Shades of red: 100 nm gold nanodisks. Shades of green: 90 nm gold nanodisks. 
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70% of the total energy (see SI, Section 5) and thus constitute a suffi-
ciently accurate low-rank representation of the original matrix X. 
Although there are other and more refined methods to decide the 
optimal low-rank representation of a matrix based on noise estimates 
(for example the L curve criterion [52], the optimal hard threshold 
[53]), we rely on the simpler criterion of total energy because adding 
higher singular values would only slightly improve the reconstruction 
quality, as the entropy analysis shows. 

The average characteristic response can be obtained through the 
barycentric coordinates, represented by black points in Fig. 6. The 
barycentric traces are synthesized by the sum of the first two 

eigenvectors weighted by the barycentric coordinates of each cluster 
(dimensional reduction), see SI, Section 5. In Fig. 7 a) the barycentric 
traces are shown, for the 100 nm disks diameter (i = 1, red) and the 90 
nm disks diameter (i = 2, green). The decay constants measure the 
thermal dissipation between the nanodisks and the substrate. Fig. 7 b) 
and c) show the characteristic oscillations due to the acoustic breathing 
modes of the disks, retrieved from the bi-exponentials residuals. These 
oscillations are well reproduced by a linear combination of two damped 
cosines at different frequencies, revealing that each nanodisk has at least 
two oscillation frequencies. The Fourier transforms of the residuals are 
reported in Fig. 7 d). The peaked structures evidenced in each cluster are 
compatible with those found in Fig. 2 b). 

To demonstrate that the barycentric traces do provide reliable in-
formation, Fig. 8 reports all the parameters of the barycentric traces 
(diamonds) from the double exponential and double damped cosines fit 
and the same parameters obtained from the fits of all the experimental 
traces (circles) shown in Fig. 2 a). See SI, Section 3, for the fitting of the 
residuals. As a general observation, we note that the values extracted 
from the barycentric traces represent an approximate weighted average 
of that of the single traces, that show dispersion due to unavoidable 
experimental uncertainties. Significantly, this is true also for the fit of 
the barycentric residuals, which entails small-amplitude details that 
should be more difficult to reproduce in an approximate reconstruction. 

Fig. 8 a) shows the values of the decay constants of the bi-exponential 
fits, characterized by a slow decay time τS, of the order of 1.5 ns, and a 
faster decay time τF, of the order of hundreds of ps. τF is comparable with 
the phonon–phonon scattering time reported in the literature [54–56], 
τS is due to the thermalization between the nanodisk and the sapphire 
substrate. 

Fig. 8 b) shows the amplitudes AS and AF associated with the slow 
and fast decaying exponentials respectively. We note that AS is the only 
parameter whose values form two distinct groups, one including 90 nm- 
diameter disks, the other 100 nm-diameter disks. 

Fig. 8 c) displays the frequencies of the two damped cosines fits. The 

Fig. 5. Entropy associated to filtered datasets and the eigenvalues ratio (a) Entropy associated to the filtered dataset k, where the kth eigenvalue is removed from the 
computation. (b) The eigenvalues ratio sk/s1. 

Fig. 6. Scatter plot representing the coordinates (m1k,m2k) of a specific trace k 
in the space spanned by the first two eigenvectors. The color code is the same as 
Fig. 2. Note that the 2D projections from disks of same diameter are grouped in 
separate clusters. The convex hulls of each group are shown. The black points 
mark the barycenter of the convex hull of each group. 

Fig. 7. The reconstructed representative 
traces of the clusters evidenced in Fig. 6, 
with the same color codes, and their analysis. 
(a) The traces obtained from the barycentric 
coordinates of the clusters using the first 
three eigenvectors. The black line is a bi- 
exponential fit function. (b) The residues of 
the biexponential fit for the 90 nm diameter 
disks. The black line is a fit with two damped 
cosines with different frequencies and 
damping. (c) Same as (b) for the 100 nm 
diameter disks. (d) The Fourier transform of 
the residues shown in (b) and (c).   
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values of the high frequency fH and low frequency fL from the bar-
ycentric traces correspond closely to the peaked structure observed in 
Fig. 7 d) and are identified with the acoustical oscillation modes of the 
disks after optical excitation. 

In Fig. 8 d) the values of the damping constants in the cosine fits, 
associated with the high-frequency oscillation (τH) and with the low- 
frequency oscillation (τL) are shown. It is important to observe that 
the two clusters are characterized, on average, by different damping of 
the acoustical oscillations. The 90 nm diameter disks have damping 
times (τH = 265 ps and τL = 1 ns) longer than the corresponding oscil-
lation periods (1/fH = 51 ps and 1/fL = 84 ps respectively) while the 
100 nm disks show very rapid damping for the low-frequency compo-
nent (τL = 86 ps), shorter than the corresponding oscillation period 
(1/fL = 108 ps), and much longer decay time for the high-frequency 
component (τH = 290 ps, 1/fH = 52 ps). This is why the oscillations in 
Fig. 7 c) are seen as a single oscillation frequency, without modulations, 
after roughly 150 ps. The rapid damping time associated with fL is in 
agreement with the spectrally large structure peaked at 15 GHz observed 
in the Fourier transform of the residues for 100 nm diameter disks (Fig. 7 
(d), red line), compared to the prominent and narrow peak at 12 GHz for 
the 90 nm diameter disks (Fig. 7 d), green line). The different dampings 
of oscillation frequencies are better appreciated in the calculation of the 
quality factor, roughly expressing the number of cycles before the 
oscillation amplitude dies out and being inversely proportional to the 
Fourier transform peak width. For the 90 nm diameter disks, the quality 
factors for the low and high-frequency oscillations are within a factor of 
two: QL = 37 and QH = 16. For the 100 nm diameter disks, the quality 
factor for the low-frequency oscillation is much lower than that associ-
ated with the high-frequency oscillation: QL = 2, QH = 18. These find-
ings are in agreement with recent studies on the oscillation frequencies 
and damping of similar nanostructures [57]. 

Fig. 8 e) shows the phases associated with the low- and high- 
frequency damped cosines. Here we note that the barycentric traces of 
both 90 nm and 100 nm diameter disks are compatible with a phase near 
180◦ (cos-like) for the high-frequency components (ϕH). The low- 
frequency components have a near-zero phase (ϕL) (cos-like) for the 
100 nm disks and, on average, a − 90◦ phase shift for the 90 nm disks 
(sin-like). 

Fig. 8 f) reports the amplitudes of the cosine fits, one associated with 
the high-frequency oscillation (AH) and one with the low-frequency 
oscillation (AL). The normalized peak amplitude has a relative trans-
mission of the order of 1× 10− 5. This implies that a normalized oscil-
lation amplitude of 0.05 corresponds to a relative transmission of 5×

10− 7. 
This analysis shows that using the reconstructed traces from an 

extreme dimensional reduction, just two projections to reconstruct a 
trace, it is possible to retrieve the average parameters of the nanodisk 
thermo-mechanical dynamics and highlight the differences between the 
two nanodisk batches. 

4. Conclusions 

We have shown that it is possible to discriminate the experimental 
traces obtained from time-resolved photoacoustic nanoscopy performed 
on single metallic nanodisks with similar morphology and diameters 
differing by only 10%. The discrimination is accomplished by combining 
two different techniques: Hierarchical Binary Clustering and Singular 
Value Decomposition (SVD) analysis. These statistical tools have been 
applied to a well-known system like gold/titanium nanodisks, made by 
electronic beam lithography with a nominal diameter of 90 nm and 100 
nm. The advantage is that such discrimination is easily obtained without 
previous knowledge of the physical system. 

The Hierarchical Clustering method is based on the notion of dis-
tance between objects defined using an arbitrary metric, that classifies 
the similarity/dissimilarity between traces. The metric is not necessarily 
endowed with physical meaning, which limits the scope of the Clus-
tering method to grouping and showing similarity/dissimilarity between 
traces and eventually isolates outliers. 

The SVD analysis allows us to discriminate the traces based on a 
different approach. In this case, the projections of the experimental 
traces on the eigenvectors generate the coordinates of each trace in the 
space subtended by the eigenvectors base. We have reduced the data 
dimensions by projecting the original data into a subspace spanned by 
the two eigenvectors with the largest relative weight. The grouping of 
similar traces, in this case, is based on having similar projections. We 
note that the grouping of traces is not the only benefit of this 

Fig. 8. Fitting parameters of all the traces shown in Fig. 2 (a) (circles) and of the barycentric traces (diamonds), with the same color codes. (a) Slow vs fast decay 
times (with error bars) as calculated in the double exponentials fits. (b) Amplitudes associated to slow and fast decay times (with error bars). (c) High and low 
frequencies of the two-damped cosines fit of the residues of the bi-exponential fit. (d) Damping times associated to the high and low frequencies of the two-damped 
cosines fit of the residues of the bi-exponential fit. (e) Phases associated to the high and low frequencies of the two-damped cosines fit of the residues of the bi- 
exponential fit. (f) Amplitudes associated to the high and low frequencies of the two-damped cosines fit of the residues of the bi-exponential fit. 
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decomposition, eigenvectors shape also providing some physical in-
sights. Specifically, the barycentric traces approximate the response of 
each group of nanodisks, giving insight into their main thermal and 
mechanical dynamics. We obtain information on the amplitude and the 
rate of decay of the accumulated energy in the nanodisks. The study of 
mechanical oscillations gives their periods and the corresponding 
relaxation times. In the near future, the SVD analysis will be imple-
mented as a pre-analysis platform, having demonstrated that it can ev-
idence those measures affected by casual or systematic errors. 

The ASOPS technique used in this work is well adapted to be 
implemented in a microscope to study single nano-objects. The tech-
nique is inherently stable (absence of moving parts), yields high sensi-
tivity, and allows a fast accumulation of pump–probe measurements 
with delays windows of the order of 10 ns in short times (one full trace 
per ms in the present case). Fast accumulation of traces enhances the 
statistics and reduces noise to a level not achievable with standard 
pump–probe techniques. 

It is clear that these analysis techniques could be deployed as a rapid, 
effective and economical way of discriminating/testing nanostructures 
in industrial environments where the use of standard microscopies is not 
possible, not economical or not practical and a model to explain the 
transmissivity or reflectivity dynamics is not available. 
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