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A study is presented of photothermal effects associated with nanosecond-pulsed laser-illuminated
subwavelength metallic nanoparticles in aqueous solutions. Computational electromagnetic and fluid
analysis are used to model fundamental aspects of the photothermal process taking into account
energy conversion within the nanoparticle at plasmon resonance, heat transfer to the fluid,
homogeneous bubble nucleation, and the dynamic behaviour of the bubble and surrounding fluid.
Various nanoparticle geometries are modelled including spheres, nanorods and tori. The analysis
demonstrates that the laser intensity and pulse duration can be tuned to achieve controllable bubble
generation without exceeding the melting temperature of the particle. The analysis also shows that the
particle geometry can be tuned to optimize photothermal energy conversion for bubble generation at
wavelengths that span the UV to NIR spectrum. Multiparticle systems are studied and a cooperative
heating effect is demonstrated for particles that are within a few radii of each other. This provides
more robust bubble generation using substantially reduced laser energy as compared to single-particle
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systems. The modelling approach is discussed in detail and should be of considerable use in the

development of new photothermal applications.

1. Introduction

Over the last several years there has been a proliferation of
research into the synthesis, characterization and photonic
applications of metallic (e.g. Au and Ag) nanoparticles.'® This
is due in large part to the unique optical properties of such
particles, especially manifestations of localized surface plasmon
resonance (LSPR). At plasmon resonance, there is a collective
and coherent oscillation of free electrons in subwavelenth
particles that results in an intense absorption and scattering of
incident light, as well as highly localized field enhancement.
Metallic nanoparticles exhibit this resonance at shape and size-
dependent wavelengths that span the ultraviolet (UV) to near-
infrared (NIR) spectrum. A desired resonant wavelength can in
principle be obtained by controlling the geometry and dimen-
sions of the particles during synthesis. The ability to tune LSPR
in this fashion has proven useful for a broad range of
applications such as biosensing, optical coherence tomography,’
photoacoustic imaging,® two-photon luminescence imaging,’
photothermal therapy,'® photovoltaics and nanoparticle synth-
esis.!! In many applications, a femto- or nano-second pulsed
laser is used to excite a desired LSPR response of a
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nanoparticle.'> The ability to probe and exploit plasmon-
enhanced light-mater interactions occurring in ultra-fast time
frames and with nanoscale spatial resolution has spawned
fundamental and translational research with broad impact in
fields that include analytical and material chemistry, condensed
matter physics, nanophotonics and biomedicine.

The plasmonic response of metallic nanoparticles to pulsed
laser illumination and the resulting thermal effects in a fluid are
of particular interest, especially for bioapplications. These effects
depend on many factors including the duration of the laser pulse,
the wavelength, polarization and intensity of the incident light,
the size and shape of the nanoparticles'> "> and the physical
properties of the fluid. Photothermal energy conversion in laser
illuminated metallic nanoparticles in fluid occurs through a
succession of processes.'> At the onset of illumination, free
electrons in the nanoparticles absorb energy from the incident
photons. The electrons undergo electron-electron scattering and
relax to an equilibrium energy distribution within 10-50 fs. These
energetic electrons transfer their kinetic energy to the lattice of
the nanoparticle through electron—phonon interactions. Thermal
equilibrium between the electrons and the lattice occurs on the
order of 10 to 50 ps. As the particle (lattice) temperature
increases, energy is transferred to the surrounding fluid through
phonon—phonon coupling. Initially, there is a discontinuous
jump in temperature at the particle-fluid interface due to the
mismatch in material properties, but this subsides within a
fraction of a nanosecond (100400 ps).'? As the particle heats up,
thermal energy is transferred to the fluid and a vapour bubble
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will nucleate at the particle-fluid interface if the critical
vaporization temperature of the fluid is reached. Once nucleated,
a bubble will exhibit a dynamic behaviour (expansion and
collapse) that is a complex function of the heat and mass transfer
at the bubble-fluid interface as well as the temperature and flow
in the surrounding fluid. In this paper, we consider nanosecond-
pulsed laser illumination of metallic nanoparticles in fluid
leading to bubble nucleation, wherein the pulse duration exceeds
the characteristic time constants for the initial non-equilibrium
photothermal transients discussed above.

The motivation for this study is to advance fundamental
understanding of plasmon-assisted photothermal phenomena
and to enable rational design for a growing number of
applications. Of particular interest are bioapplications where
photothermal nanoparticle-based bubble generation is used for
enhanced imaging, drug delivery and localized therapy.'® With
regards to imaging, both metallic nanoparticles and vapour
bubbles provide optical contrast within biological tissue, which
can be used for refined high-resolution imaging. With regards to
therapy, gold nanoparticles can be functionalized to carry
therapeutic drugs in vivo and to selectively bind to target tissue
(e.g. cells for uptake). Once in place, the particles can be
illuminated to cause localized heating and/or bubble nucleation,
which can release surface-bound drug molecules and/or destroy
target tissue via hyperthermia or structural damage (e.g. rupture
of cell membrane). Moreover, recent experiments have shown
that the photothermal process can be tuned to optimize heating
and to control the size and duration of nucleated bubbles.'® The
combined diagnostic and highly localized multimodal therapeu-
tic functionality of plasmon-based photothermal therapy makes
it a promising technique for a number of emerging biomedical
applications. However, one drawback of this approach is that
biological tissue readily absorbs light over an extended portion
of the optical spectrum, which can limit the depth of
penetration for effective therapy. This can be overcome, to
some extent, by tuning the LSPR wavelengths of the nano-
particles to a near-infrared (NIR) biological window of tissue
(especially 650-900 nm), which permits deeper penetration on
the incident light.

A brief survey of the literature in this field reveals work by
several groups.!” 2 Pitsillides et al.'® have used laser-pulsed
metallic nanoparticles to cause cellular damage and have
demonstrated very selective destruction of target cells with
minimal collateral damage to neighbouring cells. Hartland
et al*'?* and Hu and Hartland®® have characterized funda-
mental energy dissipation mechanisms in femto-second pulsed
laser illuminated Au nanospheres. Volkov e al.** introduced a
one-dimensional hydrodynamic computational model for pre-
dicting femtosecond-pulsed laser heating of spherical nanopar-
ticles. Their work suggests that biological damage can be
restricted to within a short distance (relative to the particle
diameter) from the illuminated particle. Lapotko er al.>>° have
used laser-pulsed gold nanoparticles to create nanobubbles for
imaging, diagnosis and therapeutic applications at the cellular
level. They have used spherical gold nanoparticles (30 nm
diameter) to destroy K562 and human lympholeukemia cells.
The nanobubbles generated by these particles ruptured the
membranes of target cells, with minimal collateral damage.”®
More recently, Lukianova ez al.>*3! have used gold nanoparticles

for effective intracellular drug delivery. Nanoparticles with
surface-bound drug molecules were guided to target cells and
then the temperature of the nanoparticle-drug carriers was
increased using laser pulses. This generated a nanobubble that
caused intracellular dispersal of the carried drug, thereby
reducing drug dose and treatment time while increasing
effectiveness. Despite the recent progress in this field, relatively
few theoretical studies have focused on the details of plasmon-
assisted bubble nucleation and the subsequent bubble and fluid
dynamics considered here.

In this paper we study nanosecond-pulsed, laser-induced,
plasmon-assisted bubble generation around subwavelength
metallic nanoparticles in aqueous solutions and associated
thermal and fluidic effects. We consider gold nanoparticles, but
the theory readily applies to other plasmonic materials (e.g. Ag).
We use continuum theory to model the photothermal process.
The continuum analysis involves the combined use of computa-
tional electromagnetics to predict photonic effects, and compu-
tational fluid dynamics (CFD) to predict coupled thermal-fluid-
phase change effects. Various nanoparticle structures are
studied, including spheres, rods and tori. We first model each
of these geometries in isolation, as single particle systems, as
illustrated in Fig. 1. The modelling provides a detailed under-
standing of the photothermal process, i.e. photothermal energy
conversion within the particle at its plasmon resonant frequency,
temperature rise within the particle, heat transfer from the
particle to the fluid, phase change leading to bubble nucleation,
and the dynamic behaviour of the bubble and surrounding fluid
during and after the pulsed illumination. We also study
multiparticle systems and demonstrate that cooperative heating
between neighbouring particles gives rise to bubble nucleation at
reduced laser intensity.

To the best of our knowledge, this is the first study of pulsed-
laser plasmon-assisted nanoscale bubble nucleation using com-
bined computational electromagnetic and CFD-based fluidic
analysis. This approach enables fundamental understanding and
rational design of pulsed laser nanoparticle-based plasmon-
assisted photothermal processes and should prove useful for the
development of novel photothermal applications.

Laser Pulse

L

t

Fig. 1 Pulsed-laser illumination of a gold nanosphere in fluid.
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2. Theory and modelling

We study the laser-induced plasmon-assisted photothermal effects
using continuum level photonic and fluidic analysis. The photonic
analysis is performed using computational electromagnetics and
is used to predict photothermal energy conversion within the
nanoparticles, i.e. the time-averaged power absorbed by a particle
as a function of the wavelength, intensity and polarization of the
incident light. Maximum power absorption occurs at the plasmon
resonance wavelength, which depends on the size, geometry and
electrical properties (permittivity) of the particle.!*'> The absorbed
power is converted into heat and thus the particle becomes a heat
source within the fluid. The heating of the fluid due to direct
absorption of photons is assumed to be negligible in this analysis.

The fluidic analysis is performed using CFD and is used to
predict thermal, pressure and flow effects including the
temperature rise in the particle, heat transfer from the particle
to the fluid, phase change within the fluid leading to
homogeneous bubble nucleation, the dynamic behaviour of the
bubble as it expands and collapses, and the temperature, pressure
and flow throughout the fluid during the entire process. The
fluidic analysis is used to determine the threshold power and
pulse duration needed to generate and sustain a bubble with a
desired dynamic behaviour. Once this is understood, the laser
intensity needed to produce the threshold power within the
particle is back-calculated from the photonic analysis.

The plasmon-based photothermal process studied here is
highly complex. It involves coupled phenomena that span
multiple length and time scales, which depend on the duration
and power level of the laser pulse. A rigorous analysis of this
process would require concurrent multiscale modelling that
encompasses quantum to continuum level theory. To the best of
our knowledge, no such models have been reported. Previous
theoretical studies in this field are based to some extent on
simplifying assumptions. In this paper, we make the assumption
that the photothermal process can be modelled using continuum
theory over the range of variables that we consider.

The continuum approach can be justified based on several
factors. First, we consider laser pulse durations of multiple
nanoseconds, which is longer than the characteristic time
constants of the transient non-equilibrium photothermal effects
discussed above, ie. electron—electron scattering (10-50 fs),
electron—phonon/lattice interactions (10-50 ps), and phonon-—
phonon interactions at the surface of the particle (~ 100-400 ps).>
Second, we study the response of metallic nanoparticles with
dimensions (~ 60 nm) that are greater than the phonon mean free
path (~20 nm in gold).** Therefore, the phonon Knudsen number
is ~0.3, which implies that continuum thermal analysis can
provide a reasonable estimate of thermal behaviour. Similarly, as
shown below, nucleated bubbles have dimensions (~ 60 nm) that
are greater than the mean free path (~10-15 nm) of the vapour
molecules within them. Thus, the Knudsen number for the gas
dynamics is ~0.25. Lastly, the fluidic domain is on the order of
200-300 nm, which is suitable for continuum fluid dynamics.
Details of the modelling are described in the following paragraphs.

2.1 Photonic analysis

The photonic response of metallic nanoparticles in fluid is
predicted using three-dimensional (3D) full-wave time-harmonic

field theory. Maxwell’s equations are solved assuming a time
dependence of the form E = E(x)e’”’. We use TEM analysis
where the equation for the E-field reduces to
Vx(u;IVxE)—kg(s,—ji)E=o (1)
we(
where p, and ¢, are the relative permeability and permittivity of
the media, respectively. For metallic nanoparticles, ¢, is complex-
valued and frequency-dependent. For gold nanoparticles, ¢, can
be represented in closed form,

Sr,Au(/l) =&xp — ;
iz (L - iL)
14 ;LZ Vp)v
Z A, oitn N e~ it
k| (L) T (o)
A A Vn on A Vn

A description of this expression and the various parameters in
it are given in the references.**® It is important to note that
eqn (2) is valid for a time-harmonic dependence of the form
exp(-iot). However, we use the COMSOL RF program
(www.comsol.com) for the photonic analysis, which is based
on an exp(iwt) time-harmonic dependence. Therefore, ¢, in our
analysis is obtained by replacing the imaginary terms in eqn (2)
with their complex conjugates (i.e. by replacing i by —i). The
fluid surrounding the nanoparticle is assumed to be non-
absorbing water with an index of refraction of n, = 1.333.

)

J’_

For the photonic analysis, we use a rectangular computational
domain as shown in Fig. 2a. This domain contains a single
spherical nanoparticle located at the origin and is discussed in
detail in the analysis of spherical nanoparticles below. Perfectly
matched layers (PMLs) are applied at the top and bottom of the
domain to reduce backscatter from these boundaries as described
in the references.>”*® Perfect electric conductor (PEC, symmetry)
conditions are applied at the boundaries perpendicular to E, and
perfect magnetic conductor (PMC, symmetry) conditions are
applied at the boundaries perpendicular to H. These symmetry
boundary conditions ensure normal incidence of the respective
fields at the boundaries transverse to the direction of propaga-
tion. They therefore mimic a 2D array of identical nanoparticles
with centre-to-centre x and y lattice spacing equal to the width of
the computational domain in the x and y directions, respectively.
These boundary conditions simplify the analysis and the lattice
distances are chosen to be large enough so that the resulting
predictions will reflect the response of a single particle, ie.
negligible coupling with neighbouring particles.

The particle is illuminated with a uniform downward-directed
TEM plane wave with E parallel to the x-axis (Fig. 2a). The
incident field is generated by a time-harmonic surface current
positioned in the x—y plane directly below the upper PML.3"-3#
Throughout this paper, the magnitude of the surface current is
chosen to provide a plane wave in the fluid with a peak
amplitude of £, = 2x 10° V m™! (in the absence of the particle).
This choice of field amplitude is arbitrary as we are ultimately
interested in the power absorbed by the particle Q,,, (watts) per
unit irradiance ;. (watts/m?). The absorbed power, which is
wavelength dependent, is converted to heat and thus this analysis
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predicts photothermal energy conversion within the particle. The
power level in the nanoparticle and corresponding pulse duration
that are needed to nucleate and sustain a bubble without
damaging the particle are computed using CFD analysis as
described below. Once a viable power level is known, the laser
irradiance required to generate this power within the nanopar-
ticle is computed from the photonic analysis.

2.2 Fluidic analysis

We use CFD to study heat transfer from the particle to the fluid,
phase change leading to bubble nucleation, and the bubble-fluid
dynamics. The volume of fluid (VOF) method as implemented
in the FLOW-3D software (www.flow3d.om) is used for this
analysis.®® The fluid is assumed to be incompressible and
Newtonian with surface tension o, viscosity u, density p, specific
heat at constant pressure ¢, and thermal conductivity k. These
are assumed to be constant in our analysis. The equations
governing heat and mass transfer are as follows:
Navier—Stokes:

0
p(a_j +v.w) — Vp 3)
Continuity:
Voy=0 “
Heat transfer:
0T
pe, (‘;—t + v~VT) =kV?T, (fluid) ®)
aTnp 2 1
Pupnp =" = Qups(t) +knpV> Ty, (nanoparticle) (6)
t

where v, p are the velocity and pressure in the fluid and p,,,, ¢,
and k,, are the density, specific heat at constant pressure and
thermal conductivity of the nanoparticle, respectively. Q,,, is the
power generated uniformly within by the nanoparticle due to
absorption of incident laser light, 7" and T, are the correspond-
ing temperatures in the fluid and the nanoparticle. We study the
behaviour of gold nanoparticles using the following material
properties: pyo = 19 300 kg m '3, Coola = 1297 kg 'K and Keold
=317 W m~ ' K. In all our simulations the gold nanoparticles are
immersed in an aqueous solution, which has the properties of
water at 300 K. The contact angle for the fluid at the surface of
the nanoparticle is assumed to be 30°.

In addition to the physical equations, initial and boundary
conditions are imposed to obtain a consistent theory. Heat
transfer at the particle-fluid interface is determined using an
effective transfer coefficient that takes into account local
variations in thermal conduction and convection at this surface.
This coefficient can vary along the surface, especially when its
shape changes, as in the case of a nanorod. The variation in this
coefficient can impact the local formation and growth of a bubble.

2.3 Phase change and bubble dynamics

Phase change that initiates bubble nucleation occurs when the
fluid reaches its superheat temperature at the surface of the

particle, which is taken to be 7 = 580 K for H,O. Before
nucleation, the temperature in the particle and surrounding fluid
is calculated based on eqns (5) and (6). Heat transfer at the
particle—fluid interface is predicted using a local effective transfer
coefficient that is dynamically determined. Once a bubble is
nucleated, its interface is tracked using the VOF method. The
pressure in the bubble is initially set to the saturation pressure at
the superheat temperature (approximately 100 Atm), which is
computed using the Clausius—Clayperon equation:

AHy,p (11
Psa(T)=p1 exp{ R ’ (71 a Tﬂ 7

where p; and T; are the pressure and temperature at a point on
the saturation curve (e.g. p; = 100 kPa, T; = 273 K), AHy,p
(40.65 x 10 J mol™') is the molar enthalpy of vaporization and
R (8.314462 J mol~' K) is the universal gas constant. This
pressure exerts an outward force at the liquid—vapour interface
that causes the vapour region to expand into a bubble. As the
bubble evolves, the pressure p,,,, temperature T, and density
Pvap Of the vapour within it are computed using the equation-of-
state of an ideal gas

Pvap = (V - 1)pvapcvap,vTvap (8)

where c¢,,, is the specific heat of the vapour at constant volume
and ¥ = ¢y p/Coqp.y 1S the ratio of specific heats. The pressure,
temperature and density are assumed to be spatially uniform
(i.e., homogeneous) within the bubble. The mass flux at the fluid-
bubble interface is taken to be proportional to the deviation of
the fluid from its saturation conditions,

. MW P Dvap
m= Ceva — Ceon, 9
V 2nR( "IT T ©)

where MW is the molecular weight of the vapour, R the vapour
gas constant, T is temperature in K, and the subscripts / and vap
refer to liquid and vapour phases, respectively. The term p; is the
saturation pressure corresponding to the liquid temperature 77,
and ¢,y and c.ouq are accommodation coefficients for evapora-
tion and condensation.

After the bubble has nucleated, the nanoparticle is surrounded
by vapour and there is negligible heat transfer at the particle—
vapour interface. Thus, if the laser pulse continues beyond
nucleation, the temperature of the nanoparticle will rise rapidly
as it absorbs incident light while being essentially insulated.
Under this condition, the nanoparticle can reach its melting or
even vaporization temperature within a nanosecond or less. For
bulk gold, these values are 7,, = 1336 K and T,,, = 2933 K,
respectively. However, experiments have shown that Au
nanoparticles have a lower melting point that can differ by as
much as 200 K from the bulk value. Specifically, the
experimentally observed surface melting temperature of a
38 nm gold nanoparticle, which is smaller than the particles we
consider, was found to be ~1067 K.** Additional experiments
performed on gold nanoparticles show significant surface
melting effects can occur even at lower temperatures, given a
sufficiently long period of time (timescales ranging from hours to
days). As an example, nanorods of various lengths can be
converted into spheres at 523 K in 60 min.*' In order to avoid
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high temperature damage to the particle, the laser power level
and pulse duration must be carefully chosen, with special
attention given to laser heating immediately after bubble
nucleation while the nanoparticle is essentially insulated. We
use modelling to carefully select the laser pulse duration so as to
constrain the heating to keep the nanoparticle below a maximum
temperature of 1100 K. The modelling enables rapid parametric
screening to achieve this goal.

2.4 Simulated nanostructures

We apply the theory to three different gold nanostructures:
spheres, rods and tori. The LSPR wavelengths for these
geometries are quite different.* Gold nanospheres have an
absorption peak that occurs at an LSPR wavelength of
approximately 530 nm, depending on the background medium.
This resonance is independent of the field polarization because of
spherical symmetry. In contrast, nanorods have more complex
absorption spectra that depend on both their aspect ratio
(length/width) and their orientation relative to the polarization
of the incident light. A longer resonant wavelength occurs when
the polarization is aligned along the length of the nanorod
(longitudinal resonance) as compared to when it is aligned
transverse (orthogonal) to the length. Nanorods can be designed
and synthesized so that the longitudinal resonance is in the NIR.
This is especially useful for bioapplications because light has its
maximum depth of penetration in tissue in the NIR window, also
referred to as the biological optical window (e.g. 650-900 nm).
Thus, more efficient and effective photothermal therapy can be
realized when the plasmon resonance is tuned to the NIR.
Nanotori also have complex absorption spectra, but these are
less well studied than nanospheres and nanorods. The absorption
spectra depends on the ratio of their major to minor radii as well
as their orientation relative to the polarization of the incident
light. A longer resonant wavelength occurs when the incident
field is polarized perpendicular to the axis of rotation as
compared to when it is polarized parallel to this axis. Nanotori
can be dispersed in fluid** and synthesized with their LSPR
resonance in the NIR, which makes them useful for photo-
thermal therapy.

3. Spherical nanoparticles

We first consider bubble nucleation around a gold nanosphere
(Fig. 1 and 2). A photonic analysis is performed to quantify
photothermal energy conversion within the sphere. The power
absorbed by the sphere Q,(4) is computed as a function
wavelength at a nominal irradiance with TEM field polarization.
The wavelength that produces the highest absorption is identified
as the plasmon resonant wavelength. Once the photonic analysis
is complete, a CFD analysis is performed to determine a power
level for heat generation within the nanosphere and a
corresponding pulse duration that are sufficient to create bubble
nucleation without irreversible damage to the particle, ie.
keeping its peak temperature below its melting or even
vaporization temperature. Once the viable power level and pulse
duration are known, the laser irradiance needed to generate this
power is back-calculated from the results of the photonic
analysis.

Incident Field
E, E, Vim

Max: 1.795e6
x10”
1.5
1
0.5

800 nm

0
0.5
-1
-1.5

Min: -1.795¢6

80

T
| ~——— Rayleigh Approximation
L Fullwave Analysis (FEA)
|

Absorbed Power (uW)

450 470 490 510 530 550 570 590 610 630 650

Wavelength (nm)
(b)

Fig. 2 Photonic analysis of the nanosphere: (a) computational domain
and field analysis, (b) absorbed power vs. wavelength.

3.1 Photonic analysis

For analysis purposes, we have chosen a nanosphere with a
diameter of 60 nm. The computational domain spans 1000 nm in
the direction of propagation (z-axis), and 250 nm in both the
x and y directions. The nanosphere is centred at the origin
(Fig. 2a). The PMLs at the top and bottom of the computational
domain are 100 nm in height. This leaves 800 nm of physical
domain along the z-axis. PEC boundary conditions are applied
at the boundaries perpendicular to the E field at x = + 125 nm,
and PMC boundary conditions are applied at the boundaries
perpendicular to the H field at y = + 125 nm. These conditions
mimic a 2D array of identical nanospheres with a centre-to-
centre lattice spacing of 250 nm in both the x and y directions.
The sphere is illuminated with a downward directed uniform
TEM plane wave with the E parallel to the x-axis. The incident
field is generated by a time-harmonic surface current (not shown)
positioned in the x—y plane 400 nm above the centre of the
nanosphere, i.e. immediately below the upper PML as described
in the references.’’*® We use a cubic vector finite element
formulation with a total of 29,615 tetrahedral elements in the
computational domain. The time-averaged power absorbed by
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the nanosphere was computed for a range of wavelengths that
spanned 450 nm to 650 nm in 2 nm increments. All the photonic
analysis in this study was performed on a standalone modern
workstation and the analysis of each geometry took several
hours to complete.

The irradiance of the incident laser light is given by:

CENH,0

2 |Eim’ |2

(10)

I inc =
Throughout this analysis Ej,. = 2 x 10° V. m™! and therefore
the nominal irradiance for all of our simulations is [;,, =
7 mW pm 2.

We computed the absorbed power using both the numerical
model and an analytical analysis, which is based on Rayleigh
scattering theory*

Qups = kImg()]ine (11)
where k = 2nny,0/4 and o is the complex-valued polarizability of
the sphere.

2= (12)

where o9 = R,’(¢, — D/(e, + 2) and R, and ¢, are the radius and
relative permittivity of the sphere, respectively.’” The plasmon
resonance wavelength was found to be 532 nm based on the
numerical analysis and the corresponding power absorbed by the
nanosphere is 76 pW (with ,,, = 7 mW pm~?) as shown in
Fig. 2b. The analytical analysis is also plotted and it yields a
somewhat lower and narrower absorption profile because it is
based on a dipole approximation, whereas the numerical model
takes into account absorption and scattering due to higher order
multipole terms. We use the results of the photonic analysis to
determine the laser irradiance needed to effect bubble nucleation,
which is based on fluidic analysis as described in the following.

3.2 Fluidic analysis

A CFD analysis was performed to determine viable power levels
and pulse durations that produce bubble nucleation with
sustained bubble dynamics, without damaging the nanosphere.
We chose such values that limit the maximum particle
temperature to less than 1100 K. An axisymmetric CFD model
was developed to model one quadrant of a gold sphere. The
computational domain spanned 7 radii of the sphere (210 nm),
with 1 nm cell widths in both the radial (r) and axial (z) direction.
Symmetry boundary conditions were imposed along both the
r- and z-axes. The former accounted for the lower half of
the sphere, while the latter accounted for its axial symmetry. The
pressure and temperature throughout the computational domain
were initialized to 1 Atm (I x 10° N m ) and 7 = 300 K,
respectively. A stagnation pressure condition (1 x 10° N m~?)
was imposed at the outer r and z boundaries along with a
Dirichlet condition set to the ambient temperature, 7 = 300 K.
These initial and boundary conditions were used for all the
fluidic analysis.

A preliminary CFD thermal analysis (without phase change)
was performed to determine power levels and pulse durations

that increase the temperature of the sphere from its initial
ambient value (7 = 300 K) to the supercritical temperature of
580 K. We computed the temperature of the nanosphere during
heating for a range of power levels and pulse durations. The
latter was chosen to be from 2 to 5 ns so as to exceed the non-
equilibrium time constants of the photothermal process as
described above. The CFD analysis was guided by analytical
formulas for heat transfer as appropriate. This preliminary
analysis was performed because it is far less computationally
intensive than the full phase change and bubble nucleation
analysis, while at the same time providing an intuitive under-
standing of thermal diffusion from the sphere to the fluid up to
nucleation.

Once the preliminary thermal calculations were complete,
CFD simulations of bubble nucleation were performed using
power levels selected from the preliminary analysis, but with
longer pulse durations to ensure nucleation and sustained bubble
dynamics. For the sphere, we concluded that an adequate power
for nucleation without melting was 152 pW, with a pulse
duration of 5 ns. Given these values, and the results from the
photonic analysis (Fig. 2a), we determined that a laser operating
at 1 = 532 nm with an irradiance of I, = 14 mW pm™? is
sufficient to generate a bubble under controlled conditions, i.e.
without melting the sphere. The fluidic analysis at this power and
pulse duration is shown in Fig. 3. This plot shows the
temperature of the nanosphere during and after the heat pulse.
Various portions of the plot are labelled from (a)—(e) and there
are corresponding images of the nanosphere and bubble at these
times that show the generation and collapse of a primary and
secondary bubble.

Initially the nanosphere and the domain are at a temperature
of 300 K. After 0.2 ns the particle is illuminated and starts to
heat. During the first 3.8 ns of heating, the temperature of the
sphere gradually increases (Fig. 3a) from the ambient 300 K to
the superheat temperature 580 K at which point a bubble is
nucleated around it. Once this occurs, the sphere is surrounded
by vapour and the heat transfer from its surface is greatly
reduced. Thus, its temperature increases rapidly as it is still
absorbing energy from the incident light. The particle reaches a
peak temperature of approximately 1080 K, which occurs at the
end of the heat pulse (5ns), while it is surrounded by vapour
(Fig. 3b).

Once the bubble has nucleated, which occurs just after 4 ns, it
expands due to its high pressure relative to the surrounding fluid,
which is initially at 1 Atm. The bubble reaches its maximum
volume 5.4 ns after the heating starts. At its largest extent, the
bubble is characterized by a slightly elliptical shape, which is due
to small numerical variations in the initial nucleation and growth
of the bubble at the surface of the particle. The maximum size is
approximately 50 nm and 60 nm in the r and z directions,
respectively. Subsequently, 7 ns after the onset of heating, the
bubble collapses, bringing fluid back in contact with the particle,
which cools it from its peak temperature of 1080 K to
approximately 960 K (Fig. 3c). As the particle cools, the fluid
temperature increases until it reaches the superheat temperature
once again, at which point a secondary bubble is generated
(Fig. 3d). The secondary bubble reaches its maximum size 8.2 ns
after the initial onset of heating. At this point, the bubble is
characterized by a spherical shape and its maximum size is
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Fig. 3 Photothermal heat cycle of the nanosphere (cross-sectional view): (a) initial heating, (b) primary bubble, (c) primary bubble collapse, (d)

secondary bubble, (e) secondary bubble collapse with cooling.

approximately 50 nm in radius. Eventually, the second bubble
collapses bringing fluid in contact with the sphere once again,
and the sphere cools it towards the ambient temperature
(Fig. 3e). It is important to note that the number of bubble
cycles generated and the dynamics during each cycle can in
principle be controlled by tuning the power and duration of the
heat pulse. Finally, the fluidic analysis for each particle can take
up to 24 h of run time on a standalone workstation.

4. Nanorods

Next, we studied the use of gold nanorods for bubble nucleation.
These structures have plasmonic properties that are different
than their spherical counterparts. Most notably, they have two
distinct plasmon resonant frequencies, one higher and one lower,
corresponding to transverse and longitudinal polarization
modes, respectively. The higher frequency (shorter wavelength)
occurs when the field is polarized transverse to the rod (i.e.
perpendicular to the major axis) and is similar to that of a
spherical particle. The lower frequency (longer wavelength)
depends on the aspect ratio of the nanorod and can be tuned
through synthesis for specific applications. The ability to tune
the resonance in this fashion has spawned a growing interest in
the use of gold nanorods, especially for bioapplications that
require plasmon resonance tuned to NIR wavelengths to achieve
deeper and more effective penetration of light into a target tissue.
Gold nanorods have additional interesting plamonic features,
notably, a narrower plasmon bandwidth'® and greater field
enhancement than spherical particles at comparable resonance
frequencies and volumes.

4.1 Photonic analysis

We modelled the nanorod as a cylinder with hemispherical caps.
For this analysis, we chose the length and diameter of the
nanorod to be 60 nm and 17 nm, respectively. The computa-
tional domain for the photonic analysis spans 110 nm in the
direction of propagation (z-axis), and 150 nm in both the x and y
directions as shown in Fig. 4a. The nanorod is centred at the
origin with its length aligned with the x-axis. As before, there are
PMLs at the top and bottom of the computational domain,

which are 25 nm in height. This leaves 60 nm of physical domain
along the z-axis. PEC boundary conditions are applied at
boundaries perpendicular to the E field at x = + 75 nm and
PMC boundary conditions are applied at boundaries perpendicular
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Fig. 4 Photonic analysis of the nanorod: (a) computational domain and
field analysis, (b) absorbed power vs. wavelength.
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to the H field at y = + 75 nm. These conditions mimic a 2D array of
identical nanorods with a centre-to-centre lattice spacing of 150 nm
in both the x and y directions. The nanorod is illuminated with a
downward directed uniform TEM plane wave with E aligned along
the length of the nanorod, ie. parallel to the x-axis. As in the
previous analysis, the incident field is generated by a time-harmonic
surface current positioned in the x—y plane immediately below the
upper PML. Cubic vector finite elements were used and there were
a total of 41,932 tetrahedral elements in the computational domain.
The time-averaged power absorbed by the nanorod was computed
for wavelengths that spanned 600 nm to 900 nm in 2 nm increments.
The plasmon resonance wavelength was found to be 770 nm
and the corresponding power absorbed is 53.7 pW (with I,. =
7 mW pm ™) as shown in Fig. 4b.

4.2 Fluidic analysis

A CFD analysis was performed to determine a power level and
pulse duration that would produce bubble nucleation and
sustained dynamics without melting the nanorod. An axisym-
metric CFD model was used for the analysis. The computational
domain spanned 150 nm in both the r and z directions. A
uniform mesh of 0.5 nm cells in both directions was used.
Symmetry boundary conditions were imposed along both the r
and z axes. The former accounted for the lower half of the
nanorod while the latter accounted for its axial symmetry. The
same initial and boundary conditions were used as in the case of
the nanosphere. However, it should be noted that unlike a
sphere, a nanorod is characterized by different heat transfer
coefficients along the surface of its cylindrical portion as
compared to its spherical tips. Thus, bubble nucleation and
growth can evolve differently over these surfaces.

As in the case of the sphere, a preliminary CFD analysis
(without phase change) was performed to determine a range of
power levels and pulse durations that increase the temperature of
the nanorod from ambient to the supercritical temperature.
Based on this analysis, we identified viable power levels and
pulse durations limited to a range of 1.5 to 3 ns. We then used
this data in a parametric CFD analysis that accounted for bubble
nucleation, only with slightly extended pulse durations so as to
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ensure a sustained bubble without damaging the particle. It was
found that an adequate power for nucleation without melting the
nanorod was 76.8 pW, with a pulse duration of 1.9 ns. Given
these values and the results of the photonic analysis (Fig. 4b), we
determined that a laser operating at A = 770 nm with an
irradiance of I, = 10 mW pm ™2 is sufficient to generate and
sustain a bubble without melting the nanorod. The photothermal
process at this power and pulse duration is shown in Fig. 5. This
figure shows the temperature of the nanorod during and after the
heat pulse along with corresponding images that show the
generation and collapse of the nanobubble.

Initially, the nanorod is at ambient temperature of 300 K. After
0.2 ns the nanorod is illuminated and its temperature starts to
increase. During the first 1.7 ns of heating, the temperature of the
nanorod gradually increases to the superheat temperature (Fig. 5a),
at which point a bubble is nucleated around its tips. Once this
occurs the particle is partly surrounded by vapour and heat transfer
from its surface is greatly reduced. Its temperature increases rapidly
at this point as it is still absorbing energy from the incident light.
The nanorod reaches a maximum instantaneous temperature of
915 K, which occurs at the end of the heat pulse (1.9 ns in duration)
when it is still surrounded, in part, by liquid (Fig. 5b). The
remaining liquid completely evaporates by approximately 2.7 ns
after the onset of heating, and in doing so, the nanorod cools from
its peak temperature to approximately 765 K.

As soon as the bubble has nucleated, it expands due to its high
pressure relative to the surrounding fluid. It reaches its
maximum size 3 ns after the onset of heating at which point is
has an elliptical shape and it has dimensions of approximately
45 nm and 65 nm in the r and z directions, respectively.
Eventually, at 4.4 ns the nanobubble collapses, bringing fluid
back in contact with the tips of the nanorod (Fig. 5d) and starts
cooling it. The nanorod is then further cooled to ambient
temperature when the rest of the fluid comes in contact with it,
5.2 ns after the onset of heating (Fig. Se).

5. Torus

The last geometry we study is the nanotorus. Gold nanotori have
a complex multimodal plasmonic response. For incident light

(d)

Fig. 5 Photothermal heat cycle of the nanorod (cross-sectional view): (a) initial heating, (b) bubble formation, (c) bubble (maximum size), (d) bubble

collapse, (e) cooling.
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polarized in the plane of the torus, the optical spectrum is
characterized by a long wavelength resonance, and a short
wavelength resonance that corresponds to excitation of higher
order modes. We are most interested in the long wavelength
resonance as it can be tuned by varying the major (R) and minor
(r) radii of the torus, during synthesis.**** Though nanorods also
possess this feature, their longer (e.g. NIR) resonant wavelength
will only be effective when the field is polarized along the major
axis, which can be difficult to achieve in practice. However, given
the symmetry of the torus, resonance can be achieved with the
field polarization at any angle as long as it is in the plane of the
torus. Thus, nanotori hold promise for more readily realized and
efficient photothermal heating than nanorods, especially for
bioapplications that require NIR illumination for maximum
tissue penetration. In the following we consider a specific torus
geometry with major and minor radii of R = 30 nm and r = 10 nm,
respectively.

5.1 Photonic analysis

The computational domain for the torus spans 230 nm in the
direction of propagation (z-axis), and 150 nm in both the x and y
directions (Fig. 6a). The torus is centred at the origin and as
above, there are PMLs at the top and bottom of the
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Fig. 6 Photonic analysis of the nanotorus: (a) computational domain
and field analysis, (b) absorbed power vs. wavelength.

computational domain, which are 30 nm in height. This leaves
170 nm of physical domain along the z-axis. Once again, PEC
boundary conditions are applied at boundaries perpendicular to
the E field at x = + 75 nm, and PMC boundary conditions
are applied at boundaries perpendicular to the H field at y =
+ 75 nm. These conditions mimic a 2D array of identical
nanotori with a centre-to-centre lattice spacing of 150 nm in both
the x and y directions. The torus is illuminated with a downward
directed uniform TEM plane wave with E parallel to the x-axis
(Fig. 6a). The incident field is generated by a time-harmonic
surface current positioned in the x—y plane 85 nm above the
centre of the torus, ie. directly below the upper PML. We
performed a parametric analysis of the power absorbed by the
torus as a function of wavelength for A = 750-950 nm in 2 nm
increments. As in the previous cases, cubic vector finite elements
were used, in this case there were 28,668 tetrahedral elements in
the computational domain. Plasmon resonance was found to
occur at 828 nm and the corresponding power absorbed is
62.8 W (with I;,. = 7 mW pm™ '2) as shown in Fig. 6b.

5.2 Fluidic analysis

CFD analysis was performed to determine the power and pulse
duration required to achieve bubble nucleation without melting
the torus. An axisymmetric model was used with a computa-
tional domain that spanned 200 nm in both the r and z
directions. A uniform mesh of 1 nm cells in both dimensions was
used. Symmetry boundary conditions were imposed along both
the r- and z-axes. The former accounted for the lower half of
the torus while the latter accounted for its axial symmetry. The
initial and boundary conditions are the same as for the
nanosphere.

As in the other cases, a preliminary thermal analysis (without
phase change) was performed to determine power levels and
pulse durations that increase the temperature of the torus from
ambient to the supercritical temperature. We calculated the
temperature of the torus during heating for a range of power
levels and pulse durations. The latter was chosen to be from 2 to
5 ns. Once this analysis was complete, the results were used in a
second parametric CFD analysis that included bubble nucleation
to determine viable power levels and pulse durations that are
sufficient to nucleate a sustained bubble without destroying the
torus. It was found that an adequate power for nucleation was
172.8 uW, with a pulse duration of 4.1 ns. Given these values and
the results of the photonic analysis (Fig. 6b) we determined that
a laser operating at the plasmon resonant wavelength of 4 =
828 nm with an irradiance of I, = 19.27 mW pm 2 is sufficient
to generate and sustain a bubble without melting the torus. The
fluidic analysis at this power and pulse duration is shown in
Fig. 7. This plot shows the temperature of the torus throughout
the photothermal process along with corresponding images of
the bubble dynamics.

Initially the torus is at ambient temperature. After 0.2 ns it is
illuminated and its temperature begins to rise. During the first
3.4 ns of heating, its temperature gradually increases (Fig. 7a) to
the superheat temperature, at which point a bubble is nucleated
around it. Once this occurs the torus is surrounded by vapour
and its temperature increases rapidly as it is still absorbing
energy. It reaches a peak temperature of approximately 1000 K,
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Fig. 7 Photothermal heat cycle of the nanotorus (cross-sectional view): (a) initial heating, (b) bubble formation, (c) bubble (maximum size), (d) bubble

collapse, (e) cooling

which occurs at the end of the heat pulse (4.1 ns), at which point
it is completely surrounded by vapour (Fig. 7b).

As soon as the bubble has nucleated, it expands and reaches its
maximum size at 5.4 ns after the onset of heating. At this time
the bubble has a spherical shape, approximately 80 nm in radius.
An interesting feature of this process is the residue of an isolated
drop of heated fluid that forms in the middle of the torus during
the bubble expansion as seen in Fig. 7c. Eventually, 8.7 ns after
the onset of heating, the nanobubble collapses, bringing fluid
back in contact with the torus (Fig. 7d). Consequently, it slowly
cools to the ambient temperature as more of the fluid comes in
contact with it (Fig. 7e). It is instructive to note that the capillary
force that acts to collapse the bubble is relatively weak because
of the relatively large radius of curvature that defines the fluid—
vapour interface as it gets closer to the torus. Thus, the
nanobubble requires a substantial amount of time to completely
collapse, compared to other geometries.

6. Multiple nanorods

We performed thermal simulations of a multi-nanorod system to
examine effects of cooperative heating. We studied an evenly
spaced 3-dimensional array of nanorods that are 60 nm in length
and 17 nm in diameter, ie. identical to the single nanorod
system. We systematically varied the surface-to-surface spacing
between the nanorods from 1 to 7 radii, in both r and z
directions. We used 3-D CFD analysis (without phase change)
with a computational domain that spanned from 12.75 nm to
38.25 nm in both x and y directions and from 34.25 nm to
59.75 nm in the z direction, depending on the distance between
the nanorods. Using the same amount of power in each nanorod
as in the single nanorod case, we calculated the pulse duration
that is required to heat the nanorods to the superheat
temperature. The results of this parametric analysis are presented
in Fig. 8. Based on our calculations, it can be concluded that for
a distance of 1 radius between the nanorods, only 39% of the
energy is required to reach the nucleation temperature as
compared to the single nanorod system. Moreover, all coopera-
tive heating effects become negligible after a distance of 7 radii in
all directions.
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Fig. 8 Percentage of single nanorod energy required to achieve multi-
rod nucleation vs. nanorod separation.

7. Multiple tori

We also studied a coaxial multi-tori system comprised of 2
identical tori with the same dimensions as in the single torus
analysis, i.e. major and minor radii of R = 30 nm and r = 10 nm,
respectively. We demonstrate that this 2 tori system has distinct
advantages over a single torus system; notably, significant
cooperative heating that results in larger nanobubbles with less
energy.

7.1 Thermal analysis

A parametric thermal analysis was performed to examine the
cooperative heating effects of the 2-tori system. Using the same
amount of power (172.8 pW) as in the single torus case, we
calculated the pulse duration required for the temperature of the
tori to reach the superheat temperature. This analysis was
performed for a range of torus-to-torus spacing spanning 1 to
10 minor radii between the edges of the tori (i.e. 10 to 100 nm).
We used an axisymmetric model with a computational domain
that spanned 200 nm and 200-245 nm in the r and zdirections,
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Fig. 9 Percentage of single nanotorus energy required to achieve 2 tori
nucleation vs. nanotorus separation.

respectively (depending on the distance between the tori). The
results of this analysis are presented in Fig. 9. Note, for example,
that for a distance of 1 radius between the tori, the energy
required to achieve the superheat temperature is only 58% of that
of the single torus system. In addition, all cooperative heating
effects become negligible after a separation distance of 9 radii.

7.2 Cooperative bubble nucleation

We studied bubble nucleation for the 2 tori system. The distance
between the centres of the tori was set to 60 nm (i.e. 4 minor radii
spacing, edge-to-edge). We used an axisymmetric model in which
the computational domain spanned 200 nm and 215 nm in the
r and zdirections, respectively, with a 1 nm cell size in both
directions. Symmetry boundary conditions were imposed along
both the r- and z-axes. The former accounted for the second
torus while the latter accounted for their axial symmetry. The
same initial and boundary values as in the single torus case were
applied. We first determined a range of viable power levels and
pulse durations and then used this data in a parametric CFD
phase change analysis to select a power level and pulse duration
that are sufficient to generate a bubble without damaging the
tori. It was found that respective values of 72.8 uW and 3.45 ns
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would serve this purpose. The fluidic analysis at this power and
pulse duration is shown in Fig. 10. This plot shows the
temperature of the tori and corresponding images that show
the generation and collapse of combined nanobubbles.

Initially, the tori are at ambient temperature and after 0.2 ns
they are illuminated. During the first 2.9 ns of heating, their
temperature gradually increases to the superheat temperature, at
which point, separate bubbles start to nucleate around the tori
(Fig. 10a). It should be noted that this heating process requires
10% less energy than the single torus system, due to cooperative
heating between the tori, as shown in Fig. 9. Once the tori are
partly surrounded by vapour, the heat transfer from their surface
is negligible and their temperature increases rapidly as they
continue to absorb energy. The tori reach an instantaneous peak
temperature of approximately 790 K, which occurs at the end of
the heat pulse (3.45 ns) at which point they are partially
surrounded by liquid (Fig. 10b). This remaining liquid com-
pletely evaporates at approximately 4.2 ns after the onset of
heating, and during evaporation the tori cool from their peak
temperature to 740 K.

As soon as the bubbles have nucleated, they expand and as
they do so, isolated drops of hot fluid form within the bubble
close to the tori, similar to what was observed in the single torus
system. The bubbles eventually merge and continue to grow as a
single bubble, which reaches its maximum size 6.3 ns after the
onset of heating. At its largest extent, the bubble has an elliptical
shape of approximately 95 nm and 150 nm in the r and z
directions, respectively (Fig. 10c). Eventually, 10 ns after onset of
heating, the nanobubble collapses bringing fluid back in contact
with the tori. A minor bubble forms in the space between the tori
and shrinks slowly due to a relatively weak capillary force
(Fig. 10d). The tori are then further cooled to ambient
temperature and the bubble shown in Fig. 10d transforms into
2 smaller bubbles (Fig. 10e). It should also be noted that, due to
relatively weak capillary forces (corresponding to a large radius
of curvature at the liquid-vapour interface) the nanobubbles
shown in Fig. 10e require a substantial amount of time to
completely collapse. As with all systems studied, the number of
bubbles generated and their dynamics can be controlled by
tuning the power level and duration of the heat pulse. In
conclusion, the 2 coaxial tori system was able to generate a
bubble approximately 3.6 times larger than in the single torus

(e)

Fig. 10 Photothermal heat cycle of a 2 nanotori system (cross-sectional view): (a) initial heating, (b) bubble formation, (c) bubble (maximum size),

(d) bubble collapse, (e) further bubble collapse and cooling.
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case while requiring less than 85% of the energy consumed by the
single torus system.

8. Discussion

The modelling approach presented above can be used for the
rational design of pulsed-laser plasmon-assisted photothermal
applications. The first step is to identify a range of viable
operating wavelengths (spectral window) for the particular
application. Next, candidate nanostructures are designed using
photonic analysis, i.e. geometric parameters (e.g. length, width,
radii etc.) are determined that render LSPR wavelenghs within
the desired spectral window. The absorption spectra for the
different candidate nanostructures are computed in order to
determine the power they absorb as a function of the incident
field polarization and irradiance. Once a viable nanostructure
has been identified, a CFD-based thermal analysis (without
bubble nucleation) is performed to determine the laser pulse
duration and power absorption needed to raise the particle
temperature to the superheat temperature of the surrounding
fluid in order to achieve bubble nucleation. The pulse duration
should be chosen to be multiple nanoseconds in order to justify
the application of continuum theory as described above. Once
the absorption spectra and required power level have been
determined for a given nanostructure, the incident laser intensity
needed for bubble nucleation can be back calculated. Finally, a
CFD-based thermal-fluidic-phase change analysis is performed
of the heated nanoparticle in fluid in order to study the dynamics
of the generated bubble and its effect on the surrounding fluid.

It is should be noted that this approach applies to an isolated
nanoparticle or a highly ordered collection of nanoparticles (e.g.
a pair of coaxial tori) in fluid. However, in general, there can be a
large number of particles (dispersion) with a random distribution
of orientations. In this case, an average absorption can be
calculated and bubble generation can be studied as above,
assuming that the particles are non-interacting.

9. Conclusions

Applications of nanoscale photothermal phenomena involving
pulsed laser illuminated metallic nanoparticles are growing
rapidly across various and diverse emerging fields. The use of
plasmonics for such applications has many advantages. It
enables remote, all optical activation via laser illumination,
efficient energy conversion at plasmon resonance over tunable
wavelengths that span the UV to NIR spectrum and nanoscale
spatial resolution with temporal probing down to ultra-fast time
frames.

In this paper we have for the first time used combined
continuum level computational electromagnetic and fluid
dynamic analysis to study nanosecond-pulsed laser heating and
bubble generation due to subwavelength gold nanospheres,
nanorods and nanotori. We have used the modelling to
determine power levels and pulse durations that are sufficient
to generate a desired bubble size and dynamics, while avoiding
damage to the particle through excessive heating. We have also
used modelling to quantify the effects cooperative heating in
multiparticle systems. We have demonstrated for the first time
that more robust bubble generation can be achieved with lower

laser energy when particles are within a few radii of one another
as compared to corresponding single particle systems. The
modelling approach presented here enables fundamental under-
standing of plasmon-assisted photothermal heating including
fluidic phase change leading bubble nucleation. It should prove
useful for the rational design of novel nanoparticle-based
photothermal systems.
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