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A B S T R A C T   

We investigate the optical wavelength dependence of the photoacoustic (PA) signal, detected with bandwidth 
(BW) in the MHz range, of gold nanospheres (NSs) immersed in water upon illumination with ns laser pulses. We 
compare the wavelength dependence of the PA signal (within the MHz BW) with the one of the optical ab
sorption coefficient as determined from optical transmission measurements. Thermal boundary conductance 
(TBC) at the gold-water interface is taken into account, as well as the temperature dependence of the thermal 
expansion coefficient of water. The effects of NS size and laser pulse duration on the PA signal are also explored. 
The PA signal is investigated with an opto-thermo-acoustic model considering light absorption in gold NS and in 
a surrounding water shell.   

1. Introduction 

The photoacoustic (PA) effect is based on the generation of acoustic 
waves upon absorption of light [1,2]. In a nutshell, the mechanism is 
based on the conversion of the absorbed light into heat, yielding a 
temperature rise inside the sample. This results in acoustic waves [3,4] 
generated by the thermal expansion of the heated medium (a sketch of 
the effect is reported in Fig. 1a). Imaging techniques based on the PA 
effect are intrinsically non destructive and have shown particularly 
suitable for imaging biological tissues [5,6], the detection of the gen
erated pressure waves unveiling thermophysical, optical and elastic 
properties of the investigated medium. 

Previous works demonstrated that adding exogenous agents in the 
biological tissue can enhance PA contrast [7–11]. In particular, noble 
metal nanoparticles have been used as exogenous agents to enhance the 
PA contrast in imaging applications [12–15]. Metal nanoparticles op
tical absorption is strongly enhanced at the localised surface plasmon 
resonance (SPR) [16,17], possibly resulting in the generation of high 
amplitude pressure waves upon illumination with moderate light flu
ences. This fact yields a well detectable PA signal, a key feature for PA 
imaging. In order to further enhance the efficiency of the PA effect 
generation, several shapes for the plasmonic nanoparticles (NPs) have 

been proposed, ranging from gold nanospheres (NSs) to nano-rods, bare 
or coated with SiO2 [18–25]. 

The information content, obtained by PA imaging, can be enhanced 
combining images obtained at different optical excitation wavelengths. 
For instance, multi-spectral optoacoustic tomography (MSOT) has been 
exploited to disclose information on the composition of biological tis
sues. This was made possible exploiting the specific absorption spectra 
of both endogenous and exogenous chromophores [26–28]. PA imaging 
of the spatial distribution of functionalized NPs has been successfully 
applied for tumor localization [29]. MSOT has also been shown to be 
effective in performing functional imaging. MSOT, discriminating be
tween oxygenated and deoxygenated hemoglobin, highlights regions of 
intense aerobic metabolic activity. Attempts have been made to exploit 
the subtle temperature dependence of the optical absorption spectrum 
of nanoparticles for extracting spatially resolved temperature in
formation from PA signal amplitude maps. In this context, an un
expected lack of proportionality between the PA signal and the sample's 
absorption coefficient, has been reported [30]. In order to make further 
progress, it is necessary to unveil the relation between the exciting 
optical wavelength and the PA signal generated by water-immersed 
NPs. 

For typical light pulse durations in the order of a few ns, the 
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hypotheses of thermal and stress confinement [5] do not hold for the 
case of biological tissues containing dispersed NPs [31]. Thus, the 
commonly used expression, linearily linking the pressure rise p to the 
optical fluence Φ (J/m2) [5], p = ΓβΦ, with Γ the dimensionless Grü
neisen parameter1 and β the absorption coefficient (m−1), may not be 
used. A more comprehensive modelling is thus required to describe the 
PA effect. 

The PA effect involves acoustic waves launched by thermal expan
sion of both the NPs and the surrounding water upon light illumination. 
Modelling these processes requires accounting for the interplay among 
optics (to quantify light absorption), thermics (to access the tempera
ture increase) and acoustics (to finally calculate the pressure wave). 

Light absorption can lead to a high local temperature increase both 
in the NP [32] and in the surrounding liquid. The temperature can 
range up to few hundreds K [33], even upon moderate light fluence. 
Such high temperatures may well imply a strong variation of the 
thermal and mechanical properties. 

Among all the temperature dependent physical parameters, the 
water thermal expansion coefficient αwat displays the strongest tem
perature dependence. In regimes where the temperature dependence of 
αwat has to be considered, the pressure wave equation becomes non- 
linear with respect to temperature [34,35]. Hence, the PA signal be
comes non-linear with light fluence [31,36]. Another aspect, which 
needs to be accounted for, is the thermal boundary conductance (TBC), 
also addressed as Kapitza's conductance, ruling the heat transfer at the 
interface between the NPs and the liquid. The estimation of TBC is still a 
debated issue, since the latter strongly depends on the involved mate
rials combination [37,38], on temperature [39,40], and on the sample 
preparation technique [41]. 

Indeed, several works have been devoted to modeling the PA re
sponse of liquid-embedded nanoparticles, somehow accounting for a T- 
dependent αwat and/or the presence of a TBC [8–11,14]. Calasso et al.  
[34] developed an analytical expression for the pressure field, under the 
assumption of heat deposited at a point in space. Prost and co-workers  
[35] numerically solved the PA problem for a gold NS immersed in 
water, taking into account the finite size of the NS. In their seminal 
work, they studied the effects of the pulse duration and of the NS's 
dimension on the PA signal, highlighting the contribution of non-linear 
effects. 

Notwithstanding recent interesting works in the field 

[21–22,42,43], modelling of the PA signal as a function of optical 
wavelength remains relatively unexplored. This work addresses the 
latter by investigating the PA signal generated by gold NS (representing 
the exogenous contrast agents) immersed in water (mimicking biolo
gical tissue) as a function of the exciting optical wavelength. The main 
goal of this work is to compare the PA signal – as a function of the 
optical wavelength – with the optical absorption coefficient, the latter 
measured in a standard optical transmission experiment and extracted 
from Lambert-Beer's law. In particular, we compare the wavelength 
dependence of the ratio between the PA signal contributions caused by 
water absorption and NS absorption, with the wavelength dependence 
of the ratio between the respective optical absorption coefficients as 
they would be measured in a standard optical transmission experiment, 
and extracted from Lambert-Beer's law.2 The results are based on an 
opto-thermo-acoustic model considering light absorption – across the 
visible and near-infrared (NIR) range – in the gold NS and in a sur
rounding water shell. The PA signal is triggered by the NP absorption at 
SPR whereas is essentially due to water absorption in the NIR. Given 
this focus, in the following we ignore effects that are not relevant for PA 
signal, such as optical scattering (which in any case is quite small, given 
the smallness of the NSs compared to the optical wavelengths in the 
NIR-blue range of interest). The analysis is performed over different NS 
sizes. Also the effect of the TBC is addressed. Specifically, a realistic 
value for the TBC is introduced and its effect on the PA generation is 
investigated for values of the laser pulse durations of 5 ns and 200 ps 
respectively. The situation is compared against the one of a perfect 
thermal contact.3 

The manuscript is organized as follows: in Section 2 we present the 
theoretical model, while Section 3 is devoted to the study of the de
pendence of the PA signal as a function of the optical wavelength in the 
linear regime. In Section 4 we analyze how the non-linearity affects the 
PA signal, while in Section 5 we compare the pressure waves generated 
by NSs of different sizes. Section 6 addresses the effect of the TBC on the 
generated PA signal. 

Fig. 1. (a) Schematics of the PA effect. An ensemble of 
gold NSs immersed in water is illuminated by a short laser 
pulse. The light absorption causes a temperature increase 
in both media, generating thermal strains both in the gold 
NSs and in the surrounding water. Thermal expansion 
launches pressure waves in the liquid, which compose the 
PA signal. (b) Cross-section of the geometry used for nu
merical computation: a gold NS of radius Rsph is sur
rounded by a spherical shell of water, whose external ra
dius is Rwat. For the sake of visualization, the two panels 
are not to scale. In the current manuscript, the dimension 
of the gold NS ranges between 5 and 100 nm, while the 
average interparticle distance is 2Rwat ∼ 5 μm. 

1 The Grüneisen parameter is defined as Γ = αc2/C, where α is the volumetric 
expansion coefficient (K−1), c is the speed of sound (m/s) and C is the heat 
capacity per unit mass (J/kg K) of the medium. 

2 In this article, we assume that the optical absorption coefficient obtained 
from optical transmission measurements is not affected by optical scattering, 
e.g. by making use of integrating sphere measurements, which take scattering 
into account. As a matter of fact, one of the strong points of photoacoustic 
spectroscopy is that, contrary to a standard transmission measurement, its re
sults are in principle not affected by optical scattering. 

3 In the perfect thermal contact scenario, the TBC between the gold and the 
water is assumed infinite. 
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2. Theoretical model 

In this section we develop a model useful to interpret the properties 
of the optical wavelength dependent PA signal generated by an en
semble of metal NSs immersed in water. The model is based on the 
subsequent resolution of three physical problems: optics (to estimate 
light absorption in the system), thermics (to compute the temperature 
evolution in the system) and, finally, acoustics (to quanfity the photo
acoustic signal). 

In the present work we consider case studies satisfying the following 
assumptions: (i) the light penetration length is longer than the real 
sample's size, the spatial extension of the latter being ∼1 mm; (ii) the 
interparticle distance is very large; (iii) the NSs have the same dimen
sion. These hypotheses imply that (a) every NS has the same light ab
sorption and generates the same pressure variations; (b) the pressure 
variations generated by every single NS can be computed neglecting the 
presence of the other NSs (i.e. optical and acoustic scattering due to the 
presence of the other NS is negligible). Hence, the photoacoustic signal 
generated by the real sample can be obtained by adding up the pressure 
variations computed considering one single NS immersed in water. 

2.1. Optics 

The first step in the modelling involves the quantification of the 
light absorption, which, in the case of metal NSs, displays a strong 
wavelength dependence. In particular, in the visible or NIR, light ab
sorption may be maximized due to a resonance of the electronic oscil
lations in the metal NS, the so-called surface plasmon resonance (SPR)  
[16,17,37,44]. For this reason, by tuning the optical wavelength in the 
visible and NIR range, the dissipated optical energy in the NS can vary 
by more than one order of magnitude. For the sake of exemplification, 
in Fig. 2, we analyze the light absorption of a gold NS of radius 
Rsph =20 nm immersed in water. The blue curve (blue left axis) re
presents the absorption cross section4 (σabs,sph) as a function of wave
length (horizontal axis), showing a sharp peak (SPR) around 530 nm 
and a much lower absorption for higher wavelengths. The absorption 
cross section for the 5 nm and 100 nm radius gold NSs in water displays 
an analogous trend (we refer to Section 1 of Supplementary Material for 
further details concerning this point). 

As far as water is concerned, its absorption coefficient βwat is also 
wavelength dependent and increases in the NIR region, as displayed in  
Fig. 2 red curve (right red axis).5 In the NIR part of the spectrum, light 
absorption by the water surrounding the NSs thus strongly contributes 
to the generated PA signal. 

In order to account for the light absorption in water in our model, 
we ideally divide the real sample in small domains, each one containing 
just one NS. For the sake of simplicity, we assume that every domain is 
a sphere of radius Rwat, with the metal NS in the center. Given a spa
tially homogeneous NSs concentration ρNS, the external radius of the 
water domain reads =R 3/(4 )wat NS3 . In other words, the small do
main is a core-shell sphere, the NS being the core (see Fig. 1 panel b). 
Provided the light penetration depth is much longer than the sample 
thickness, the PA signal amplitudes generated by NSs located at dif
ferent depth are the same. However, their arrival times at the detector 
are different. In acoustic imaging applications with a bandwidth of 
typically less than 10 MHz and acoustic wavelengths and pixel sizes 
λ = (1500 m/s)/10 MHz = 150 μm or more, the detected low 

frequency components coming from different NSs within imaged pixels 
are coherently added up in phase. The PA signal amplitude and shape 
thus simply scales with the number of particles. Similarly, the low 
frequency components generated by water absorption coherently add 
up in phase with the ones generated by the NSs. 

The dissipated optical power per unit volume is σabs,sphI(t)/Vsph in 
the metal core, where Vsph is the volume of the NS, and βwatI(t) in the 
water absorbing shell.6 Consistently with the above assumptions, the 
light intensity I(t) (W/m2) is assumed to be spatially homogeneous and 
gaussian in time: 

=I t t t( ) 2 ln(2) exp 4 ln(2) ,0
2

(1) 

where τ is the pulse full-width-half-maximum (FWHM), t0 is the pulse 
centre and Φ is the light fluence (J/m2).7 

2.2. Thermics 

The dissipated laser power per unit volume, defined in Section 2.1, 
is introduced as a heat source term in the thermal diffusion equation. 

The approach developed in Section 2.1 aims to calculate the pres
sure variations generated by the core-shell light absorbing domain and 
propagating towards the surroundings. For this reason, the thermal and 
acoustic problems are not restricted just to the core-shell light ab
sorbing domain, but they are solved for the entire space. 

Due to the radial symmetry of the problem, the physical quantities 
involved in the thermics can be expressed as a function of the radial 
coordinate r only. The equations ruling the thermics – i.e. Fourier's law 
and the conservation of energy law respectively – hence read: 

=

= +

q k T
r

C T
t

q
r r

q Q r t

,

2 ( , ),

r

r
r (2) 

where T(r) is the temperature, qr(r) the heat flux, k(r) the thermal 
conductivity (W/m K), C(r) the heat capacity per unit mass (J/kg K) and 
ρ(r) the mass density. Consistent with the geometry of a metal NS im
mersed in an infinite domain of water, the latter three thermal 

Fig. 2. Absorption cross section σabs,sph of a 20 nm radius gold NS immersed in 
water (left axis, blue curve) and water absorption coefficient βwat (right axis, red 
curve) vs. optical wavelength (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article). 

4 The absorption cross section of a NS quantifies the power dissipated in the 
NS and its unit has the dimension of an area. This quantity is defined as the 
ratio between the heat losses and the incident light intensity I (see Section 1 of 
Supplementary Material for further details). 

5 The water absorption coefficient displayed in Fig. 2 has been obtained as 
βwat = 4πkwat/λ, where λ is the optical wavelength and kwat is the imaginary 
part of the water refractive index. The values of kwat are taken from Ref. [45]. 

6 In our calculations, the dissipated optical power per unit volume in the 
metal NS is assumed to be spatially homogeneous. The same consideration 
holds for the dissipated power per unit volume in the water absorbing shell. 

7 The constants appearing in expression (1) are necessary to assure that the 
time integral of the intensity gives exactly the fluence delivered to the system: 

=
+

I t( )dt .
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parameters are described as step functions of the radial coordinate r, 
taking the metal (water) value for 0 ≤ r ≤ Rsph (for r  >  Rsph). 

The dissipated power per unit volume reads: 

= <
>

Q r t
V

I t r R

I t R r R
r R

( , )
( ) for 0 ,

( ) for ,
0 for .

abs,sph

sph
sph

wat sph wat

wat (3) 

The radial symmetry implies that at the origin (r = 0) the heat flux 
must vanish. This implies fulfilment of the boundary condition qr(r = 0, 
t) = 0. At the interface between the metal NS and water, a thermal 
boundary conductance (GTBC) is assigned, resulting in the boundary 
conditions: 

= = = = =

= = = =

+

+

q r R t q r R t q r R t

T r R t T r R t
G

q r R t

( , ) ( , ) ( , ),

( , ) ( , ) 1 ( , ).

r r r

r

sph sph sph

sph sph
TBC

sph
(4) 

At time t = 0 the system is assumed in equilibrium at a homogeneous 
temperature T(r, t = 0) = T0 = 293.15 K. 

We have solved the thermal problem numerically with finite ele
ments method (see Section 2 of Supplementary Material for details). For 
the sake of numerical resolution, it was necessary to limit the size of the 
computed domain. The water domain was truncated at a radius 
r = Renv, which was chosen to be large enough to avoid spurious 
boundary effects on the thermal dynamics.8 

The solution of the thermal problem provides the temperature 
evolution at every spatial coordinate. 

2.3. Acoustics 

The obtained spatio-temporal temperature evolution is used to 
calculate the thermal strain, the latter triggering the pressure wave in 
water. The acoustic problem is accounted for in the frame of a linear 
elasticity model [35]. The equations system describing the acoustic 
problem reads: 

= +

= + + +

= + + +

=

v
t r r

t
µ v

r
v
r

T µ T
t

t
v
r

µ v
r

T µ T
t

1 2 ( ) ,

( 2 ) 2 ( ) 2
3

,

2( ) ( ) 2
3

,

,

r

r r

r r

rr
rr

rr

(5) 

where vr is the radial component of the velocity field, σij are the com
ponents of the stress tensor and T is the temperature (we refer to Sec
tion 3.1 of Supplementary Material for a rigorous derivation of System  
(5)). The appearing material properties – i.e. the mass density ρ(r) and 
the two Lamé coefficients λ(r) and μ(r) – are step functions of the radial 
coordinate r and take the values of the metal for 0 ≤ r ≤ Rsph, and of 
water for r  >  Rsph. The volumetric thermal expansion coefficient α is 
the one of the metal (whose temperature variations are neglected) for 
0 ≤ r ≤ Rsph, and of the water for r  >  Rsph. The thermal expansion 
coefficient of water has a rather strong dependence on temperature. 
Hence, the system of Eq. (5) becomes non-linear in temperature and, 
indirectly, in the optical fluence. Since, to a very good approximation, 
water is characterized by a null shear modulus μ, the stress components 
in water read σrr = σθθ = σϕϕ =− p, where p(r, t) is the pressure field in 
water, as described in Section 3.2 of Supplementary Material. Hence, by 
solving System (5) it is possible to access the pressure dynamics in 

water, obtained as p(r, t) =− σrr(r, t) for r  >  Rsph. 
At the interface between metal and water, the continuity of the 

radial stress σrr and of the radial velocity vr is assumed. To preserve the 
spherical symmetry, we assign = =v r t( 0, ) 0r at the origin, yielding 

= =
v
r r t

v
r r t0, 0,

r r . 
At the initial time t = 0, the system is considered at rest. Hence, the 

initial values for the acoustic problem are = =v r t( , 0) 0r , σrr(r, 
t = 0) = 0, σθθ(r, t = 0) = 0 and σϕϕ(r, t = 0) = 0. 

We solve the acoustic problem with a finite difference scheme, 
following the approach proposed by Prost et al. [35]. As we did for the 
thermics, also for the acoustic problem we truncate the water domain at 
the coordinate r = Renv, with Renv large enough to avoid unphysical 
reflection effects at the external boundary.9 

3. Photoacoustic effect in the linear regime 

3.1. Temperature and pressure variations at SPR and in the near-infrared 

In this section we report on results for the PA effect generated by a 
20 nm radius NS surrounded by water. The linear case is considered in 
the current section, meaning that the water volumetric thermal ex
pansion coefficient is assumed as constant αwat = 2.1 × 10−4 K−1 [35]. 

The gold NS is considered so as to be consistent with the experi
ments reported in Ref. [30]. A summary of the thermal and mechanical 
properties of gold and water is reported in Table 1. 

The thermal and acoustic response of the gold NS is calculated for 
the case of illumination with a laser pulse of fluence Φ = 20 J/m2 and 
temporal FWHM τ = 5 ns, values typically used for in PA measure
ments. In order to keep the entire light pulse within the simulation time 
domain, the temporal center of the pulse is located at time t0 = 10 ns. A 
sketch of the temporal excitation evolution, normalized over its max
imum value (I(t)/Imax), as a function of time is plotted in Fig. 3 a. A red 
dashed vertical line has been added to emphasize the time t = t0 at 
which the laser intensity reaches its maximum. 

Depending on the optical wavelength, the light absorption of water 
may give an important contribution to the total PA signal. To account 
for this fact, light absorption is also considered within a water shell 
surrounding the gold NS. The absorbing water shell external radius is 
chosen as Rwat = 2.2 μm, corresponding to a NSs concentration of 
ρNS ∼ 3.8 × 10−11 moles per liter,10 a value compatible with that 
achievable in real experimental situations [30]. 

In order to quantify the contribution of water light absorption to the 
total PA effect, we compute the temperature profile and the pressure 
variations for two limiting cases. First, we consider an optical wave
length falling within the range of the SPR, λ = 532 nm, for which the 
light absorption within the gold NS is maximum while the water light 
absorption is very low (see Fig. 2). Next, we have considered the op
posite scenario, that is we chose the wavelength in the NIR, 
λ = 1500 nm, at which the water light absorption dominates. 
λ = 1500 nm wavelength bears great technological relevance, being the 
standard wavelength in telecom applications. 

In Fig. 3b we depict the temperature variations profile ΔT = T(r, 
t) − T0 (color scale) for λ = 532 nm, as a function of time (horizontal 
axis) and of the radial coordinate r (vertical axis). The temporal and 

8 For the sake of computational efficacy, we implemented an adiabatic 
boundary condition qr(r = Renv, t) = 0. However, since the computational do
main is much bigger than the heat propagation space scale, the particular 
choice of the boundary condition at the external boundary is not relevant. 

9 We assigned a rigid boundary condition = =v r R t( , ) 0r env . However, since 
for the investigated time span the computation domain is much larger than the 
spatial extent of the pressure wave propagation, the particular choice of the 
boundary condition at the external boundary is not relevant. 

10 In the wavelength range considered in this manuscript, i.e. 400–1500 nm, 
the scattering cross section σsca of a gold NS with radius not exceeding 100 nm is 
lower than 1.5 × 10−13 m2. The effective absorption cross section of the light 
absorbing water shell is of the order of ×R 1.5 10 mwat

2 11 2, which is much 
bigger than σsca. As a consequence, the NS light scattering is negligible for all 
the case studies described in the manuscript. 
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radial coordinates have been limited to regions showing a significant 
temperature increase. Clearly, the maximum of temperature increase is 
∼50 K and occurs in the NS shortly after the maximum intensity peak 
(compare panel a and panel b, the vertical dashed red line being a guide 
for the eye). Furthermore, Fig. 3b shows that below the horizontal 
dashed black line (highlighting the coordinate r = Rsph), the tempera
ture depends only on the temporal coordinate, meaning that the tem
perature within the gold NS is spatially homogeneous. The maximum 
temperature increase at radial coordinates r  >  150 nm is more than 
two orders of magnitude smaller than the maximum temperature in
crease ΔTmax occurring in the NS and in the 20–30 nm thick shell of 
water surrounding it (exceeding 10 K). These occurrences show that, for 
λ = 532 nm, the temperature increase in water is mainly due to heat 
diffusion from the heated NS, rather than from direct heating of water 
due to electromagnetic absorption. The temperature variations in water 

are significant only within a water shell thickness in the order of 
20–30 nm around the NS. 

The temperature profile reported in Fig. 3b is used to calculate the 
pressure variations in liquid. Fig. 3e shows the pressure variations 
generated by the PA effect as a function of time, for a laser wavelength 
of 532 nm. The pressure p is evaluated far away from the NS, at a co
ordinate r = 10 μm. The dotted black curve represents the PA signal 
generated while accounting also for light absorption in water. On the 
other hand, the full orange line is obtained neglecting light absorption 
in water, i.e. setting βwat = 0. The dotted black and full orange curves 

coincide, confirming expectations that for this wavelength the light 
absorption of water is too small to generate a significant contribution to 
the PA pressure. 

We have also verified that the PA signal is mainly generated by the 
water thermal expansion (as reported in Ref. [35]). We implemented a 
simulation forcing a null thermal expansion coefficient for the gold NS: 
the pressure variations recorded at r = 10 μm displayed no relevant 
changes with respect to the results reported in Fig. 3e. 

Taking the time derivative of Eq. (1) yelds: 

= t t t tdI
dt

16 ln(2) ln(2) ( ) exp 4 ln(2) .3 0
0

2

(6) 

By plotting dI/dt normalized to its maximum (see Fig. 3d), we notice 
that the induced pressure variations (reported in panel e) follow the 

Table 1 
Thermal and mechanical properties. The values were taken from Refs. 
[35,37,38].     

Material properties Gold Water  

Density [kg/m3] 19.3 × 103 1 × 103 

Thermal conductivity [W/m K] 318 0.6 
Heat Capacity [J/kg K] 129 4.2 × 103 

First Lamé coefficient [GPa] 147 2.25 
Second Lamé coefficient [GPa] 27.8 0 
Volumetric thermal expansion coefficient [K−1] 0.43 × 10−4 2.1 × 10−4 

Fig. 3. (a) Plot of the temporal profile of the light in
tensity normalized at its maximum. (b) and (c) 
Temperature increase (color scale) as a function of the 
radial coordinate r (vertical axis) and of time (horizontal 
axis). In panel b (panel c) the color scale is linear (log). 
The horizontal dashed black line represents the coordinate 
r = Rsph, while the horizontal dashed white line in panel 
(c) represents the coordinate r = Rwat. Panels (e) and (f): 
plot of the PA pressure as a function of time, calculated at 
the spatial coordinate r = 10 μm. The dotted black (full 
orange) line is obtained considering (neglecting) light 
absorption in water. In panel f), the PA trace obtained 
neglecting light absorption in water (orange curve) has 
been multiplied by a factor 103. The wavelengths are 
532 nm (panel b and e) and 1500 nm (panel c and f). (d) 
Time derivative of the light pulse temporal profile nor
malized at its maximum. A vertical dashed red line in 
panels (a) to (d) highlights the time instant maximizing 
the light intensity. The vertical dashed red line has been 
added to panels (e) and (f) to highlight the zero-crossing 
of the pressure curve. All panels refer to a 20 nm radius NS 
immersed in water, illuminated with a laser pulse of 5 ns 
FWHM and fluence Φ = 20 J/m2. Perfect thermal contact 
is assumed between the gold NS and the water (For in
terpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article). 
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same profile, with a positive maximum followed by a negative 
minimum. This is consistent with the source term in the equation for 
the stress (and pressure) being proportional to the time derivative of the 
temperature, which in turn is solved considering a source term pro
portional to I(t). The main frequency contributing to the PA signal is 

= =2 ln 2 /( ) 75max MHz, corresponding to the acoustic wave
length λacoust = cwat/ν = 20 μm (we refer to Section 4 of Supplementary 
Material for further details). 

It is important to note that, as elaborated above, the effective 
bandwidth of the PA signal in a typical detection configuration is fur
ther reduced to 10 MHz or less, due to the low-pass characteristics of 
the piezoelectric or optic-elastic transducers. 

Panel e reports the pressure calculated at r = 10 μm, obviously the 
PA signal arrives at a later time with respect to the absorption of the 
laser pulse. The time necessary for the pressure variations to propagate 
up to r = 10 μm (calculated dividing the spatial coordinate by the speed 
of sound in water cwat = 1500 m/s) is ∼6.7 ns. For this reason, in order 
to better appreciate the direct analogy between panels d and e, the 
horizontal scale in the latter has been set from 6.7 ns to 36.7 ns (exactly 
the same scale used in panel d, but shifted of 6.7 ns). 

In Fig. 3d the vertical dashed red line corresponds with the time 
instant t = t0, and falls where the curve has a node. 

Panels c and f of Fig. 3 are the analogies of panels b and e for the 
case at λ = 1500 nm, where light absorption from water is relevant 
indeed. In panel c a logarithmic color scale has been adopted. 

Also in the present case, the maximum of the temperature occurs in 
the gold NS. The energy absorbed by the NS is confined in a very small 
volume, hence the dissipated power per unit volume is greater in the 
gold NS than in water.11 

The maximum of the temperature increase in the NS is ∼50 mK, 
three orders of magnitude lower as compared to the case λ = 532 nm, 
since σabs,sph(λ = 532 nm)/σabs,sph(λ = 1500 nm) ∼ 103. Consistently, 
for excitation at 1500 nm, the pressure signal magnitude obtained while 
neglecting light absorption in water is three orders of magnitude lower 
than the one obtained for excitation λ = 532 nm – compare the full 
orange curves in panel e and f. 

The situation is completely different once we include for the pos
sibility of light absorption in water. For this case we obtain a minute 
temperature increase (∼3 mK) throughout the entire water volume, 
hence, every portion of the volume yields a very tiny contribution to the 
PA effect. Nevertheless, the acoustic wavelength λacoust is 
∼10Rwat ∼ 22 μm, hence the pressure field contributed by each in
finitesimal water volume within the unit cell, however small, add in 
phase. This results in a conspicuous total pressure variation, as depicted 
in Fig. 3f dotted black curve. According for light absorption in water, 
the total pressure variations for excitation at λ = 1500 nm exceed by an 
order of magnitude those obtained for excitation at λ = 532 nm. 

3.2. Wavelength analysis 

In the current section we investigate how the PA signal varies with 
the optical wavelength and how it relates to the absorption coefficients. 
We run our model for several values of the optical wavelength and, for 
every computed case, we record the maximum of the pressure varia
tions pmax evaluated at the spatial coordinate r = 10 μm. As elaborated 
above, due to bandwidth limitations of the laser pulse (1/τ = 200 MHz) 
and of typical PA imaging systems, to a good approximation, the shape 
of the PA signal is independent of the details of the generating entities, 
so that pmax is a suitable quantity to represent the strength of the overall 
PA signal. The dependence of pmax on the optical wavelength is plotted 
in Fig. 4a, solid black line. In order to appreciate the strong variations 
of pmax, a logarithmic scale has been adopted on the vertical axis. 

The highest PA signal is obtained in the NIR region, where water 
light absorption is the main source of the overall pressure variations. 
When λ decreases from the NIR region to visible wavelengths, light 
absorption in water diminishes accordingly (see the red curve in Fig. 2). 
As a consequence, the PA signal drops by three orders of magnitude, 
reaching a minimum at λ = 700 nm. Further lowering the wavelength, 
the PA signal increases again thanks to the strong light absorption in the 
gold NS, reaching a local maximum at λ ∼ 530 nm (SPR of the gold NS). 
In agreement with the results reported in Section 3.1, pmax at the local 
maximum λ = 530 nm is one order of magnitude lower than its value at 

(caption on next page) 

11 The ratio between the dissipated power per unit volume in the NS and in 
the water at 1500 nm is Qsph(t)/Qwat(t) = σabs,sph/(βwatVsph) = 120. 
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λ = 1500 nm. 
In the context of most optical transmission measurements, a biolo

gical tissue embedding exogenous contrast agents may be considered as 
an effective homogeneous medium, characterized by an effective ab
sorption coefficient βeff. In a recent publication [30], the PA signal 
generated by gold nanorods immersed in water has been investigated. 
The measured absorption coefficient and the generated PA signal, as 
functions of the excitation optical wavelength, were compared and an 
unexpected lack of proportionality between them was recorded in the 
wavelength range 700–900 nm. 

For this reason, here we calculate the absorption coefficient of the 
effective medium βeff, the latter being composed by 20 nm radius gold 
NSs dispersed in water. In the regime of low light absorption and small 
NSs, the expression for βeff reads (see Section 5 of Supplementary 
Material for the derivation): 

= +( ) ( ) ( ),eff sph wat (7) 

where βsph(λ) = σabs,sph(λ)/V is the absorption coefficient of the effec
tive medium when light absorption in water is switched off (i.e. the 
only absorbing elements are the gold NSs) and V is the volume of the 
light absorbing water domain. 

In Fig. 4a βeff is plotted as a function of wavelength (full red curve) 
in logarithmic scale. The separate contributions to the optical absorp
tion, i.e. that of the NS βsph (dashed black line) and that of water βwat 

(dashed blue line) are shown as well. 
For λ  <  640 nm, at the SPR, light absorption in the gold NS dom

inates: βeff ∼ βsph (green shaded region in Fig. 4). For λ  >  750 water 
light absorption prevails: βeff ∼ βwat (pink shaded region in Fig. 4).12 In 
the wavelength range 640 nm < λ  <  750 nm (left blank in Fig. 4), βsph 

and βsph are of the same order of magnitude, hence they both contribute 
significantly to βeff. 

Fig. 4 a suggests that pmax (full black line) and βeff (full red line) 
could be proportional. This seems to be confirmed in Fig. 4b, which 
shows the ratio pmax/βeff (full red line) as a function of wavelength. 
Looking more closely on a linear scale (Fig. 4c), it turns out that for the 
20 nm NS, and for a 5 nm NS, below 800 nm, where the plasmon re
sonance of the NS starts to play, the ratio slightly increases, of about 
8%. For a large NS of 100 nm, below 800 nm, the ratio decreases of 
about 20%. These moderate but nevertheless different trends between 
different NS diameters are discussed further in Section Section 6 of 
Supplementary Material. 

For the sake of completeness, in Fig. 4b we display also the ratio 
pmax/βsph (dashed black line) and pmax/βwat (dashed blue line), the latter 
two quantities being constant and superposed to pmax/βeff in the wa
velength ranges where βsph or βwat dominate, respectively. 

4. Photoacoustic effect in the non-linear regime 

The simplification adopted in Section 3, where the temperature 
dependence of the water expansion coefficient – i.e. non-linearity – was 
neglected, proved very useful to understand the mechanisms of PA 
signal generation when light absorption in water is considered. How
ever, as reported in Fig. 3b, the temperature increase in water can easily 
reach 40 K even upon moderate light fluence, evoking the emergence of 
detectable non-linear effects. Hence, the current section is devoted to 
the study of non-linear contributions. In analogy with the previous 
sections, a gold NS of 20 nm radius illuminated with a pulse with 
τ = 5 ns and Φ = 20 J/m2 is considered. 

The non-linearity is based on the strong temperature dependence of 
the water volumetric thermal expansion coefficient αwat. In Fig. 5 we 
display the values of αwat as a function of temperature. 

In order to appreciate the non-linearity, the temperature in water 
has to increase considerably. However, as we have seen in Fig. 3b and c, 
the temperature variations within the system strongly depend on the 
optical wavelength, decreasing by three orders of magnitude upon 
wavelength variation from 532 nm to 1500 nm. As a consequence, a 
systematic study of the non-linear effects as a function of the optical 
wavelength is required for a full comprehension of the PA effect in the 
real situation. 

Fig. 3b and c indicate that for λ ≤ 1500 nm, the maximum of the 
temperature increase is located in the gold NS. Hence, the maximum 
temperature increase in the water near the gold NS can be considered as 
the upper limit of the temperature increase throughout the entire water 
domain. Fig. 6 panel a shows the maximum (over all the computed 
times) temperature increase ΔTmax recorded in water just outside the 
gold NS (r = Rsph + 2 nm13) as a function of the optical wavelength. 
ΔTmax exceeds 1 K only for wavelengths in proximity of the SPR, i.e. 
λ < 600 nm. As a consequence, non-linear effects may be important 
only around the SPR. 

To prove the latter assertion, we compute the PA trace at 
λ = 532 nm, where ΔTmax just outside the gold NS reaches 40 K (as 
highlighted by the vertical dashed red line in Fig. 6a). The time evo
lution of the corresponding pressure variations (calculated at the co
ordinate r = 10 μm) is plotted in Fig. 6 panel b. The dotted black curve 
represents the PA signal obtained considering the non-linearity (using 
αwat reported in Fig. 5). For the sake of comparison, also the pressure 
variations in the linear regime (full orange line), i.e. keeping 
αwat = 2.1 × 10−4 K−1 fixed, are shown. The latter curve corresponds 
to the PA signal already displayed in Fig. 3e. The non-linearity increases 
the amplitude of the PA effect. In particular, the minimum of p reported 
in panel b changes from −1.4 (linear case) to −2.5 (non-linear case), 
with an amplitude increase of ∼80%. At the maximum, the amplitude 
increases by more than 50%. 

The situation is different when the optical wavelength is out of the 
SPR. For instance, Fig. 6c shows the PA signal obtained using 
λ = 750 nm. Since ΔTmax in water near the NS's surface is now ∼0.4 K 
(as emphasized by the dashed blue line in Fig. 6a), αwat does not vary 
significantly from the equilibrium value αwat = 2.1 × 10−4 K−1 and the 
non-linearity is suppressed (the dotted black and full orange curves in 
panel c are superposed). 

In order to get further insight on the effect of the non-linearity, in  
Fig. 8 we report the maximum of the pressure variations as a function of 

Fig. 4. (a) Pressure maximum pmax recorded during all the acoustic dynamics 
time calculated at coordinate r = 10 μm (full black line), NSs effective ab
sorption coefficient βsph (dashed black line), water absorption coefficient βwat 

(dashed blue line) and total effective absorption coefficient βeff (full red line) as 
functions of the optical wavelength. (b) Ratio pmax/βsph (dashed black line), 
pmax/βwat (dashed blue line) and pmax/βeff (full red line), as functions of the 
optical wavelength. In both panels, the region where the particle absorption 
coefficient dominates the water absorption coefficient is shaded in light green, 
while the region where βwat dominates is shaded in light red. The region where 
βsph and βwat are comparable is left blank. In both panels, the vertical axis is in 
log scale. Both panels refer to a 20 nm radius NS immersed in water, illumi
nated by a laser pulse of 5 ns FWHM and fluence Φ = 20 J/m2. (c) Ratio pmax/ 
βeff for different NS diameters (5 nm (black), 20 nm (blue) and 100 nm (red) 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 

12 In the NIR, βsph = σabs,sph/V is negligible because of the small value of 
σabs,sph, whereas βwat prevails: βsph  <  βwat (see Fig. 4). On the other hand, the 
expression of the power dissipated per unit volume Q is bigger in the gold NS 
(where Qsph ∝ σabs,sph/Vsph) than in the surrounding water (where Qwat ∝ βwat). 
Hence, the overall energy absorbed by the NS is much smaller than that ab
sorbed by the surrounding water, but the opposite holds true for the absorbed 
energy density. For this reason, also in the NIR region, the maximum tem
perature is recorded within the NS, as described in Section 3.1. 

13 The evaluation of the water maximum temperature is performed 2 nm 
away from the gold NS's surface to avoid numerical errors due to material 
discontinuity at r = Rsph. 
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the wavelength, both in the linear regime (full red line), and when 
including the non-linearity (dashed-dotted blue line). For λ  >  600 nm 
the two curves are superposed, indicating that the non-linearity is 
negligible. On the other hand, at the SPR, non-linearity gives an im
portant contribution, increasing the amplitude of pmax by more than 
50% (mind the fact that in Fig. 8 the log scale is applied on the vertical 
axis). 

In Fig. 7 we report the ratio between the pressure maximum pmax 

(recorded during all the acoustic dynamics time calculated at co
ordinate r = 10 μm) and βeff as a function of wavelength. The dashed 
black line is obtained when the non-linearity is accounted for. For the 
sake of comparison, we report the same ratio obtained when the non- 
linearity is neglected (full red line), already shown in Fig. 4. 

When non-linearity is included, the ratio is not constant for wave
lengths in the SPR, that is where the temperature increase is important. 
On the other hand, for wavelengths out of the SPR (where the tem
perature increase is very mild), the ratios pmax/βeff obtained including 
or neglecting the non-linearity are flat and perfectly superposed. Hence, 
the proportionality between the photoacoustic signal and βeff does hold 
as long as the non-linear effects are absent. On the other hand, when the 
non-linearity is important, the proportionality between the photo
acoustic signal and βeff is violated. The latter result indicates that the 
lack of proportionality between the PA signal and the absorption 
coefficient, reported for wavelengths not in the SPR in Ref. [30], is 
necessarily not ascribable to aspects of the combined light absorption in 
water and in the gold nanorods. 

The main result of the current section is that upon light illumination 
with a moderate fluence (Φ = 20 J/m2), non-linearity effects on the PA 
signals can be enhanced or suppressed by tuning the optical wave
length, with significant effects on the amplitude of the generated 
pressure waves. 

5. Influence of the size of the nanosphere on the photoacoustic 
signal 

In the current section we analyze how the size of the gold NS affects 
the PA signal. In the previous sections, we studied the case of a gold NS 
of radius 20 nm. In the following, we compare the PA signal with the 
ones of a smaller NS of radius 5 nm and a bigger one of radius 100 nm. 
The wavelength dependences for the 3 cases are compared in Fig. 8, for 
both a non-linear scenario, taking into account the temperature de
pendence of the thermal expansion coefficient, and an artificial linear 
scenario, fixing the thermal expansion coefficient to a temperature in
dependent value αwat = 2.1 × 10−4 K−1. 

All the curves are superposed for wavelengths in the NIR. This is due 
to the fact that for long wavelengths, light absorption by water is the 

main mechanism generating the PA signal. Hence, in this regime, the 
presence of the NSs and their size is not relevant. 

The situation changes for shorter wavelengths, for which the PA 
signal is mainly generated by the absorption of the NS. In particular, for 
λ  <  700 nm, pmax increases with increasing NS diameter. We refer to 
Section 6 of Supplementary Material for further details. 

Fig. 5. Volumetric expansion coefficient of water αwat as a function of tem
perature (data taken from [35]). The horizontal dashed-dotted black line 
highlights the coordinate at which αwat = 0. 

Fig. 6. (a) Maximum temperature increase ΔTmax recorded throughout the 
thermal dynamics at the coordinate r = Rsph + 2 nm as a function of the wa
velength of the laser pulse. (b) and (c) plot of the pressure variations (vertical 
axis) as function of time (horizontal axis) calculated at the spatial coordinate 
r = 10 μm. The dotted black (full orange) line is obtained by taking into account 
(neglecting) the temperature dependence of the water expansion coefficient, i.e. 
considering non-linear (only linear) effects in the PA signal. The optical wa
velength in panel b (panel c) is 532 nm (750 nm). The optical wavelengths used 
in panel b and c have been highlighted in panel a with a dashed vertical red and 
blue line, respectively. All the panels refer to a 20 nm radius NS embedded in 
water, illuminated with a laser pulse of 5 ns FWHM and fluence Φ = 20 J/m2 

(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 
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As for the non-linearity effect when working with a wavelength 
close to the SPR, for the considered case, the temperature increase in 
the smallest NS is smaller than 4 K, hence non-linearity hardly plays. 

Nonlinear signal enhancement does become observable for the two 
larger NSs, where, due to the larger optical absorption cross section at 
the SPR, the temperature increase exceeds 30 K. Combining the influ
encing aspects of absorption cross section, heat distribution, signal 
generation efficiency and signal generating shell volume, the non-linear 
signal enhancement increases with increasing particle diameter (see 
also Supplementary Materials, Section 6). 

6. Influence of the thermal boundary resistance 

In the previous sections, for the sake of simplicity, we assumed 

perfect thermal contact between the gold NS and water. In the fol
lowing, we investigate the changes in the computed PA signal when a 
realistic value of GTBC is assigned. 

We now consider a gold NS of radius 20 nm, excited with a laser 
pulse at wavelength 532 nm, fluence Φ = 20 J/m2 and time duration 
τ = 5 ns at FWHM. Fig. 9 panel a shows the temperature increase cal
culated at the spatial coordinate r = Rsph + 2 nm. Panel b shows the 
pressure variations calculated at the spatial coordinate r = 10 μm. The 
dotted black line corresponds to the case of perfect thermal contact (for 
sake of computation, perfect thermal contact is mimicked with an ir
realistically large TBC value, i.e. GTBC = 1 ×1020 W/m2K), while the 
full orange line was obtained for GTBC = 1.05 × 108 W/m2K [38]. Both 
in panel a and panel b the two curves are superposed, meaning that the 
assumption of a perfect thermal contact is, for the given laser para
meters and NP size, a good approximation of the real situation. We can 
rationalize this result in the frame of a lumped element model. The heat 
flowing out of the NS encounters two thermal resistances in series ΩTBC 

and Ωwat; ΩTBC = 1/GTBC is the thermal boundary resistance and 
= k/wat wat wat is the thermal resistance of the heated water portion 

during the pulse temporal duration, γwat = kwat/(ρwatCwat) being the 
thermal diffusivity in water. The latter may be understood realizing that 

wat is of the order of the distance covered by heat during the pulse 
duration and hence k /wat wat is the thermal conductance of the he
ated portion of the liquid. The resistance values are reported in Table 2, 
whereas ΩTBC = 0 for the perfect thermal contact case. For τ = 5 ns we 
obtain Ωwat ≫ ΩTBC, hence ΩTBC can be disregarded. 

When the pulse duration is reduced, Ωwat decreases accordingly. For 
instance, for the case of τ = 200 ps, Ωwat ∼ ΩTBC. In this case, the TBC 
has to be accounted for. This consideration agrees with the plots of the 
time evolution of ΔT and p reported in Fig. 9c and d, where the curves 
obtained using the perfect thermal contact (dotted black line) and the 
realistic value of TBC (full orange line) differ. The presence of the TBC 
slows heat diffusion out of the NS, resulting in a reduced PA signal. 

The conclusion that, for long enough laser pulses, the TBC does not 
alter the thermal dynamics in water is consistent with the expression for 
the water temperature obtained upon steady state illumination (see 
Section 7 of Supplementary Material). Consequently, in the latter sce
nario the generated PA signal is not altered by the value of the TBC. 

We now give an estimate of the laser pulse duration, τc, above which 
the effect of TBC on the PA signal may be neglected. The PA signal 
depends on the water temperature and the latter, within the lumped 
element model, is not affected by the TBC provided Ωwat ≫ ΩTBC, 
yielding = k G/( )c wat

2
wat TBC

2 . In the present case, τc is 230 ps. 
If one were to reduce GTBC by an order of magnitude, for instance by 

functionalizing the NS surface or coating it with an insulating layer, the 
5 ns laser pulse would fall short of τc, leading to a significant change in 
the PA signal. 

7. Conclusions 

We theoretically investigated the photoacoustic (PA) effect gener
ated by a gold nanosphere (NS) immersed in water, as a function of the 
optical wavelength of the laser pulse. The photoacoustic signal is 
computed with an opto-thermo-mechanical model, the latter con
sidering light absorption in a NS and in the surrounding water shell. 

Simulation results show that, for the case of PA excitation of a 
20 nm radius NS with optical wavelengths tuned around the surface 
plasmon resonance (500–600 nm), the energy is mostly absorbed by the 
NS, leading to a temperature increase in the surrounding water up to 
∼50 K upon moderate light fluence. The launched pressure wave 
mainly results from the thermal expansion of the water; the contribu
tion of the thermal expansion in the NS is negligible. In the NIR spectral 
range, the generation of the PA signal is ruled by water light absorption. 
In the latter case, the temperature increase is less than 1 K. However, 
the pressure variations, being generated in a large volume of water, 
leads to a quite large PA signal. 

Fig. 7. Optical wavelength dependence of the PA signal divided by the effective 
optical absorption coefficient pmax/βeff of a 20 nm NS illuminated by a laser 
pulse of 5 ns FWHM and fluence Φ = 20 J/m2. The pressure maximum pmax, 
recorded during all the acoustic dynamics time calculated at coordinate 
r = 10 μm, is evaluated including (dashed black line) or neglecting (full red 
line) the non-linearity. In analogy with Fig. 4, regions where the light absorp
tion in the NS and in the water dominate are shaded in light green and red, 
respectively (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article). 

Fig. 8. Plot of the pressure maximum pmax (vertical axis, log scale) recorded 
during the entire acoustic dynamics at the coordinate r = 10 μm as a function of 
the optical wavelength (horizontal axis). The dotted black (full orange) line 
corresponds to the non-linear (linear) PA spectrum for a NS of radius 5 nm, the 
dashed-dotted blue (full red) line corresponds to the non-linear (linear) PA 
spectrum for a NS of radius 20 nm, while the dashed green (full dark purple) 
line corresponds to the non-linear, NL (linear, L) PA spectrum for a NS of radius 
100 nm. In the investigated scenario, a light pulse of 5 ns FWHM and fluence 
Φ = 20 J/m2 is assumed (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article). 
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For the hypothetical case in which the water thermal expansion is 
assumed temperature independent, the maximum pressure variations is 
found to be roughly proportional to the effective absorption coefficient 
over a wide spectral range (400–1500 nm), with small deviations 
(8–20%) for wavelengths approaching the surface plasmon resonance 
(SPR). 

On the contrary, accounting for the temperature dependence of 
water thermal expansion, a non-linear relation between the PA signal 
and the effective absorption coefficient is found for wavelengths tuned 
at the SPR. In the proximity of the SPR, the non-linearity is found to 
increase the PA signal by more than 50%, while non-linear effects are 
negligible in the NIR. The analysis proves that an adequate choice of the 
optical wavelength either suppresses or enhances the non-linearity af
fecting the PA signal. 

The PA signal is found to be affected by the NS size only at SPR, 
where the PA pressure variations increase with increasing NS diameter. 
This effect, which can be ascribed to a combination of size effects on the 
optical absorption cross section and on the contact surface between the 
heated NS and the surrounding water (which thermally expands and 
launches the largest part of the PA pressure wave), together with effects 
of changing thermal boundary conduction, might explain observations 
in literature of PA signal magnitude enhancement [20] (or, according to 
Pang et al. [43], reduction) after coating Au nanoparticles with a silica 
layer. We also investigated the effect of the TBC on the PA signal. In the 
case of a 5 ns laser pulse, the PA signal is not affected by the TBC, the 
opposite being true for a 200 ps laser pulse. 

Although in our computations the water light absorption is limited 
to a small shell around the NS, yielding excitation of high frequencies, 
the obtained pressure variations allow to evaluate the PA signal of a 
real sample. This is done by simply adding up the pressure variations 

generated by the core–shell light absorbing domain, keeping into ac
count the correct phase. For this reason, the conclusions concerning the 
proportionality between the PA signal and βeff, the non-linear effects, 
the NS size and TBC are extendible to the PA signal generated by a real 
sample. 

The present work provides experimentalists a theoretical tool to 
establish values of the size of the nanoparticles, the optical wavelength 
and the laser pulse duration that are optimum for efficient PA signal 
generation. The importance of our findings goes beyond the specific 
case here presented. For instance, the results could be beneficial for the 
implementation of new generation multi-spectral PA imaging techni
ques. Furthermore, the same modelling could be easily adapted to in
vestigate the PA generation in interfacial liquids or polymers layers via 
nanopatterned metallic arrays [46,47], an emerging technique to access 
the mechanical properties of interfacial fluid layers. 
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Fig. 9. Panel a and c: Plot of the temperature increase ΔT 
as a function of time, calculated at the coordinate 
r = Rsph + 2 nm. Panel b and d: Plot of the pressure var
iations as a function of time, calculated at the spatial co
ordinate r = 10 μm. The dotted black lines have been 
calculated assuming perfect thermal contact between the 
gold NS and the water (i.e. GTBC = 1 ×1020 W/m2K, mi
micking an infinite TBC), while the full orange lines have 
been calculated for the actual value of TBC between gold 
and water (i.e. GTBC = 1.05 × 108 W/m2K [38]). All cal
culations have been performed for the case of a NS of 
20 nm radius illuminated by a light pulse of wavelength 
532 nm and fluence Φ = 20 J/m2. In panel a and b 
τ = 5 ns, while in panel c and d τ = 200 ps (For inter
pretation of the references to color in the text, the reader is 
referred to the web version of this article). 

Table 2 
First column: ΩTBC = 1/GTBC for the case of real TBC between gold and water. 
Second and third column: = k/wat wat wat for a pulse with τ = 5 ns and 
τ = 200 ps, respectively.     

ΩTBC Ωwat for τ = 5 ns Ωwat for τ = 200 ps  

9.52 × 10−9 [m2K/W] 4.45 × 10−8 [m2K/W] 8.91 × 10−9 [m2K/W] 
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Appendix A. Supplementary data 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.pacs.2020.100199. 
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