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INTERACTION OF LASER RADIATION WITH MATTER
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Simulation of spatial distribution of absorbed laser energy

in spherical microcapsules

Yu.E. Geints, A.A. Zemlyanov, E.K. Panina

Abstract. Specific features of optical field distribution in composite
spherical particles consisting of a liquid core and nanocomposite
absorbing shell are theoretically studied at different wavelengths of
incident radiation. Using the numerical simulation it is shown that
the thickness of the shell of the spherical microcapsule particle and
its intrinsic absorption coefficient determine the character of the
spatial distribution and the absorbed power. The variation of these
parameters allows one to change the spatial position of efficient
volume absorption regions and peak absorption values. This pro-
vides favourable conditions for opening the shells in appropriate
spatial zones to release the contents of the microcapsules.
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1. Introduction

The progress in optical technology leads to miniaturisation of
components of various optical devices and, therefore, to the
necessity of making and using micro- and nanoscale optical
diffraction elements. Such microobjects, in particular, spheri-
cal microparticles, are also of undoubted interest for different
fields related to the development of chemical and biological
technologies, cosmetology, and the development of optoelec-
tronic devices [1-3]. The composite (multilayer) spherical
particles are unique from the point of view of using them as
miniature portable systems, active biological labels based on
plasmonic nanolasers (spasers) [4, 5], as well as containers for
capsulation of various substances [6, 7].

Multiple studies have shown that spherical microcapsules
possess great potentialities as delivery containers. Their prop-
erties depend on the thickness and optical properties of the
shell, and the functional capabilities are dictated by the desti-
nation of the contained substance. One of the achievements of
modern physics and chemistry is the technology of producing
micro- and nanocapsules with nanoscale shells [8§—10], which
can be controllably opened under the action of a number of
factors (temperature, laser radiation, acidity of the medium).
The technology of making the capsules based on polyelectro-
lytes was developed in Ref. [11]. Using the so-called polyionic
assembly method [12, 13], in which by sequential adsorption
of polymers or nanoparticles the surface of a particle contain-
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ing the required substance is coated with a polymer or nano-
composite shell [14]. The shell protects the contents of the
microcapsule, but it is sensitive to electromagnetic radiation.
In Ref. [15] the results of experimental studies of the micro-
wave radiation effect on polymer microcapsules are pre-
sented. Using the results of scanning electron microscopy of
the capsules, it was found that the effect of radiation depends
on the microcapsule composition, the frequency and the
power of incident radiation.

At present, there are several strategically important appli-
cations of microcapsules. In medicine it is proposed to use
microcapsules as systems of addressed delivery of biologically
active components to cells and tissues [16—18]. In future, this
will allow one to reduce doses of medicinal preparations by
several times and to eliminate side effects. The main problem
here is not only the delivery of a microcapsule to the appro-
priate organ, but also its timely opening. The drug released
from the capsule affects target cells without damaging adja-
cent tissues.

The approaches are also developed to transporting in
microcapsules the nanostructures of metallic and semicon-
ductor nature for selective destruction of cells under electro-
magnetic heating, which is important for the treatment of
some tumours [19]. Thus, it is important not only to create
miniature capsules with prescribed properties, but also to
control their travelling and opening remotely, e.g., using elec-
tromagnetic radiation. The solution of these problems will
essentially extend the possibilities of using composite spheri-
cal particles in medicine, nano- and microelectronics, as well
as in chemical industry.

The studies of the possibility of opening microcapsules
have already been carried out. Thus, the authors of
Refs [20, 21] showed that one of the methods for destroying
polyelectrolyte shells could be based on the remote action of
laser radiation on the capsules, modified by nanoparticles of
metal. However, the results of these studies do not allow one
to predict how the opening process of microcapsules will
change in the case of changing their dimensions, absorption
and radiation wavelength. The additional theoretical studies
are required here, including the investigation of the optical
field redistribution in a microcapsule under the variation of
its parameters.

In the present paper, we report the results of theoretical
studies of the optical field distribution inside composite
spherical particles consisting of a liquid core and a polymer
absorbing shell, exposed to laser radiation. These particles are
an analogue of microcapsules used in medicine. Using the
finite difference time domain (FDTD) method of computa-
tional electrodynamics, we simulate the spatial structure of
the light wave absorbed power in double-layer spherical par-
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ticles under the variation of the radiation wavelength, shell
thickness and optical properties. We show that the variation
of the absorption in the shell of a composite particle allows
the structure modification of the inner optical layer, in par-
ticular, the essential enlargement of ‘hot zones’, correspond-
ing to the regions of maximal absorbed power. This extends
the possibilities of choosing the optimal conditions for perfo-
rating the shells of the microcapsules in the implementation
of particular practical applications.

2. Method and results of theoretical modelling

In the calculations, we used the widespread method of numer-
ical solution of the electrodynamic problems, based on the
direct solution of the system of Maxwell differential equa-
tions by means of approximating the differential operators
with finite difference schemes in the spatiotemporal domain.
The use of this FDTD method dates from the early work by
K.S. Yee [22] and A. Taflove [23], where the approach to the
application of finite-difference computational schemes to a
system of vortex partial differential equations of the first
order, to which the Maxwell equations belong, was formu-
lated and developed. The base element of these schemes, both
implicit and explicit, is the so-called Yee cell, in which all pro-
jections of the electromagnetic field vectors onto the Cartesian
axes are spatially arranged in a special way. The components
of the electric vector E are localised at the middle of the edges,
while the components of the magnetic vector H are localised
at the centres of faces. All components enter Maxwell’s equa-
tions; besides that, the fields £ and H are calculated with the
time shift by a half of the time step. The implementation of
such a stepwise grid allows the achievement of the second-
order spatiotemporal accuracy in the solution of Maxwell’s
equations.

The algorithm of the field calculation is an evolutional
one, i.e., the mesh values of the functions in the current time
layer are calculated using the values found at the previous
layer. To prevent the reflection from the boundaries, all com-
putation space, as a rule, is enclosed in a matrix containing a
set of perfectly matched layers (PML) that possess a low
reflection coefficient even for acute angles of wave incidence,
although the presence of such a layered structure consider-
ably increases the requirements to computing resources. The
outer boundaries of the computation domain consist of a per-
fectly absorbing layer. All numerical calculations, the results
of which are presented below, are carried out using the pro-
gramme package elaborated by the authors. The kernel of this
package is the open-code programme module 3D FDTD-X2
written in C++ [24] and modified for particular computing
configurations.

The considered model was a spherical particle, consist-
ing of a unabsorbing liquid core having the radius R, and
the refractive index n, = 1.33 (water) and an optically denser
radiation-absorbing shell having the thickness a,. The real
part ng of the complex refractive index mg = n, — ikg of the
shell was equal to 1.5. This value lies within the range of
typical values for real polymers constituting a nanocapsule
shell (ng = 1.48—-1.52 [25, 26]). The medium, surrounding
the double-layered particle, is also considered to be water,
np = Nne.

In the calculations the absorption index of the particle
shell k, was varied within the range 0.001—1. Under real con-
ditions, such a variation of k is possible due to the introduc-
tion of nanoparticles (metal, dielectric) into the dense poly-

mer shell to enhance the radiation absorption in the required
wavelength range.

Indeed, according to the Maxwell Garnett effective
medium theory [27] we have for a two-component mixture

ep(1 + 20) + 2¢,0(1 — 0) W
e (1= 0) + (2 +0)

es=mli=¢

where 0 is the volume fraction of the solid-state absorbing
component (sol); and &, = &, —ie;” and &), are the permittivi-
ties of the sol and the basic substance considered unabsorb-
ing. It is known [28] that the Maxwell Garnett model suffi-
ciently well describes the dielectric properties of a composite
medium, when the volume fraction of one component is much
smaller than that of the other, i.e., whend < lorl -0 < 1.
This situation is usually observed when a small fraction of
strongly absorbing nanoparticles is added to the transparent
matrix. Note that for a more precise description of the multi-
component medium one can use, e.g., the Bruggeman model
[29, 30].

If the sol particles are metallic nanospheres, then for the
determination of €, one can use the optical model of a solid
metal (the Drude model), corrected to allow for the effect of
the geometric dimension of the particle on the collision rate of
free electrons [31] (only the dipole plasmon resonance is
assumed to be excited)

: 1

_ __ W ( We oLy L
&p = &pp(w) + 1 a)2+w§(1+1w)’ a)c_vp(le+a0). 2)

Here ¢, is the permittivity of the solid metal; w is the circular
frequency of radiation; w), is the plasma frequency; vy is the
Fermi velocity; /, is the mean free path length of the electron;
and q is the sol particle radius.

For example, Fig. 1 presents the spectral dependence of the
volume absorption coefficient a; = 4mk /A (4 being the radia-
tion wavelength) of the composite polymer with the addition of
silver spherical nanoparticles calculated using formulae (1) and
(2). For the calculations we used the following parameters of
the solid silver: @, = 13.4PHz, vp = 1.38 x 10 m s™!, [, =
57 nm, and the dependence ¢,,,(w) was adopted from Ref. [32].

In the figure, one can see a characteristic absorption peak
of the metallic composite, caused by the excitation of the fun-
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Figure 1. Absorption spectrum of spherical silver nanoparticles with
the volume fraction 6 = 10~* and the radius ¢, = 10 nm in polymer ma-
trix (15 = 2.25-1°0).
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damental (Frohlich mode) surface plasmon resonance of the
silver sphere at 4 ~ 410 nm. Increasing the size of sol parti-
cles leads to the reduction of the effective rate of electron
collisions in the metal and, therefore, to a decrease in light
absorption in the entire spectral range. Besides that in the
spectrum of collective surface oscillations of electrons in
metallic nanoparticles, the multipole effects become notice-
able, leading to a spectral shift of the plasmon resonance
and a change in its shape [33]. The use of other metal parti-
cles (gold, aluminium, etc.) as the component absorbing
optical radiation shifts the absorption maximum of the
polymer composite of the microcapsule shell to the other
spectral region due to the analogous shift of the plasmon
resonance [34]. This effect allows selective opening of a
microcapsule by adding different metals to the shell and
varying the exposure wavelength.

To determine the spatial profile of the radiation power Py,
absorbed in the microcapsule, the model particle was placed
in a cubic volume with linear dimensions 3 X 3 X 3 pum, in
which the spatial mesh containing ~10° nodes was intro-
duced. At the lower face of the computation domain a plane
linearly polarised wave was specified with the wavelength 4
(circular frequency w) and the amplitude £, =1V m! to be
further diffracted by the particle. After the time averaging of
the optical fields calculated using the FDTD algorithm over
the time interval ~1 ps, we calculated the spatial distribution
of the absorbed power

Py = e 00 |EL,

where €” is the imaginary part of the complex permittivity of
the medium, ¢ is the permittivity of vacuum; w = 2m¢/A; and
¢ is the velocity of light in vacuum.

For convenience of interpreting the results, we analyse not
the locally absorbed power itself, but the effective absorption
coefficient a,;,, defined by normalising the power P, to the
intensity of the incident optical wave I, = (cng/2)eo|Eo|>

I)a "
an(r) = 3 = 2B, 3)

where r is the radius-vector of a point inside the particle; B =
|E|?/E§ is the factor of inhomogeneity of the intensity distri-
bution of the optical field. Obviously, the greater the a,,, the
stronger the absorption of radiation in the given spatial point.

The distributions of the coefficient a,;, over the longitudi-
nal equatorial section of the spherical capsule under the varia-
tion of the absorption index k¢ and the thickness a of the shell
is demonstrated by a series of images in Fig. 2. In the calcula-
tions, the outer radius of the particle Ry = R, + a, was fixed
and equal to 1 wm. The incident light wavelength was
0.532 um. The figures in the images are the maximal values of
@, Within the section shown.

The qualitative comparison of the obtained spatial distri-
butions reveals their essential difference depending on the
ratio of the core and the shell geometric size, as well as on the
level of the shell intrinsic absorption. As known from Mie
theory [35], in the course of diffraction of a plane electromag-
netic wave on a double-layer particle, the regions of increased
intensity (‘hot zones’) are formed along the optical axis of
the particle, which, as a rule, are located near the surface in
the illuminated and shadow hemispheres of the particle.
The magnitude of the peak intensity and the dimensions of

these ‘hot zones’ depend on the structure of the double-layer
particle.

The increased absorption in the shell of a composite par-
ticle leads to redistribution of its optical field. In the case of a
thin and weakly absorbing shell (Fig. 2a), a localised zone of
increased a,, values appears at the shadow surface of the
microcapsule. However, the spatial dimensions of this region
are very small, and the absorption is weak, which does not
allow this microparticle configuration to be considered effi-
cient for destroying the capsule shell.

The most advantageous in this sense is the case presented
in Fig. 2d, corresponding to k&, = 0.01. It is seen that in this
case the region of absorbed power is uniformly distributed
over the entire volume of the microcapsule shell. A further
increase in k leads to the shift of the a,, maximum to the
lower hemisphere of the particle (Fig. 2g). The spatial dimen-
sions of this region amount to nearly half a particle, and the
effective volume absorption coefficient of the particle a,y, in
the maximum is by two orders of magnitude greater than in
Fig. 2a.

The corresponding radial distributions of the absorbed
power of radiation along the principal cross section of dou-
ble-layer microparticles with the fixed shell thickness a; =
0.3 um are presented in Fig. 3. As in the previous study, the
absorption index kg of the shell was varied within a wide
range. The longitudinal coordinate is relative to the shadow
surface of the microcapsule. It is seen how the character of the
field distribution changes with the growth of «,. While for a
weakly absorbing shell (Fig. 3a) the field maximum is located
near the shadow surface of the particle, for k; = 0.1 one can
clearly see two expressed peaks near the shadow and illumi-
nated surfaces (Fig. 3b). A further increase in «, in the particle
shell is accompanied by the shift of the region where the peak
values of a,y, take place to the illuminated hemisphere and by
the narrowing of this zone. For high values of « the region of
maximal «,, becomes localised in the near-surface layer
(Fig. 3¢), which can be a matter of principle from the point of
view of destructing the microcapsule shell without affecting
its contents.

The results of numerical calculations, illustrating the
effect of the shell thicknessa, of the model spherical microcap-
sule on its effective volume absorption coefficient a,y,, are pre-
sented in Fig. 4. It follows from the figure that this depen-
dence exists only for the moderate and weak absorption of the
particle shell (k, < 1). One can see that for such situations the
dependences @,,(a,) exhibit an extremum [curves (/, 2)] for
as ~ 200 nm, which is explained by the specific character of
the formation of the shell internal field structure.

Indeed, as mentioned above, the regions of increased
intensity of the internal field are formed near the shadow and
illuminated surface of the particle as a result of the construc-
tive interference of the transmitted and diffracted waves. In
fact, these regions are zones of internal foci of geometric opti-
cal rays, once refracted by the particle and reflected from its
internal surface. In a hollow shell sphere, the fraction of rays
gathered near the internal focus is proportional to the thick-
ness of the contrast shell. Hence, in the case of a weakly
absorbing shell the decrease in its thickness leads to the fall of
the intensity B (and, therefore, the absorbed power) in the
foci, and vice versa. This trend can be traced in the left-hand
part of the discussed curves.

On the other hand, the presence of absorption in the shell
material negatively affects, first, the intensity of refracted and
reflected waves, forming the back (shadow) focus. In this
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Figure 2. Profiles of the effective coefficient of volume absorption a,;, inside the composite double-layer particles having the radius Ry = 1 um and
the shell thickness a5 = (a, d, g) 0.1, (b, e, h) 0.3, and (c, f, 1) 0.5; the absorption index «¢ = (a—c) 0.001, (d—f) 0.1, (g—1) 0.5. The incident radiation

wavelength is 4 = 0.532 um. The radiation is incident from below.
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Figure 3. Radial distributions of a,, along the principal cross section of
composite spherical particles having the radius Ry = 1 um and the shell
thickness a, = 0.3 pm; the absorption index of the shell &, = (a) 0.001, (b)
0.1 and (c) 0.5, the incident radiation wavelength is A = 0.532 um. The
arrow shows the direction of incidence.
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Figure 4. Dependences of the maximal values of the effective volume
absorption coefficient of microcapsules a,, (Ry = | um) on the shell
thickness a for k;= (1) 0.001, (2) 0.01, (3) 0.1, (4) 0.5 and (5) 1. The
incident radiation wavelength 4 = 0532 pum.

case, the relative fraction increases for the ‘direct’ radiation,
propagating along the particle diameter and making small
angles with the optical axis, so that the optical path inside the
sphere is minimal. The thicker the microcapsule shell, the
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weaker the light rays, refracted by it. This reduces the lensing
effect of the spherical particle and leads to a decrease in the
internal field intensity, due to which the profile of the absorp-
tion coefficient distribution becomes sickle-shaped (see
Figs 2g-2i). The discussed extremum of the peak a,, values
is just a result of the competition of these two processes.

At high values of the absorption index of the microcap-
sule shell material «, [curves (3—25) in Fig. 4] the maximum of
the particle absorption coefficient «,;, weakly depends on the
shell thickness a,, and the incident radiation is completely
absorbed in the illuminated part of the particle. Hence, in this
case, the achievement of the maximal heat release already
does not require a precise control of the shell thickness, and
one can choose the value of a,, based on the real technological
possibilities of coating microobjects with thin shells having a
variable absorption index.

The variation of the optical field distribution of the shells of
spherical microcapsules is also possible by changing the wave-
length of radiation acting on the particles of fixed radius. Figure
5 presents 2D distributions of the absorbed power inside the
shelled spherical particles differing by the shell thickness. Similar
to Fig. 2, the figures correspond to the maximal ¢, values. The
absorption index of the shell was «, = 0.001, the wavelength of
the incident radiation varied from 0.245 to 0.8 um.

The comparison of Figs 5a—5f shows that with the transi-
tion to both shorter and longer wavelengths of the incident

Max

Min

1.0

x/um

Figure 5. Distributions of the effective coefficient of the radiation ab-
sorption in the shells of the composite particles having the radius R, =
1 um, exposed to the radiation with 4 = (a, b) 0.245, (c, d) 0.532 and
(e, £) 0.8 um. The absorption index is k£, = 0.001, the shell thickness is a;
=(a,c,e)0.1 and (b, d, f) 0.5 um. The radiation is incident from below.

radiation the configuration of the absorbed power region in
the microcapsule shell also changes. First, the shortening of
the radiation wavelength leads to a significant increase in the
absorption coefficient of the composite particles. Second, the
configuration of the absorption zone in the shell is drastically
changed. It is seen that under the exposure of the particle to
the radiation, e.g., in the near-infrared spectral region (Figs 5e
and 5f) the absorption zone, compared to the case of visible
light exposure, occupies practically the entire volume of the
shell, although the maximal values of the effective volume
absorption coefficient a,;, are not high.

Besides that, in the case of UV radiation (Figs 5a and 5b)
the growth of the microcapsule shell thickness does not lead
to essential changes in the spatial position of the absorption
maximum, as in the case of the visible and IR radiation, but
multiply increases a,,. Here one can clearly see the highly
localised point zone of the maximal values of energy dissipa-
tion, always located near the shadow surface of the capsule,
the small size of which can inhibit the destruction of the entire
shell of the microparticle.

On the contrary, in the case of exposing the microcapsules
to the radiation with A = 0.532 pum, the greater thickness of the
particle shell (Fig. 5d) leads to the formation of a few clearly
expressed peaks of absorption a,, in the shadow hemisphere,
rather than a single peak. The spatial dimensions of the zone
of maximal values of the absorbed power increase, and the
structure of the optical field in the shell becomes more com-
plicated.

In the field of long-wavelength radiation (Figs 5e and 5f)
with an increase in the shell thickness a, the configuration of
the a,;, distribution also changes. While for a capsule with
thin walls (Fig. 5e) the absorbed power demonstrates a practi-
cally uniform distribution over the entire volume of the shell,
in a thick-wall capsule (Fig. 5f) the maximum of absorption is
shifted towards the illuminated (bottom) surface of the parti-
cle and occupies the most part of the shell, negatively affect-
ing the absorption coefficient amplitude.

3. Conclusions

Thus, we have considered the specific features of the optical
field formation in the composite double-layer spherical par-
ticles (microcapsules), having the outer radius 1 um, exposed
to optical radiation. It is shown that the main factors affect-
ing the character of the spatial distribution and the amplitude
characteristics of the absorbed power inside the microcapsule
shell are the shell thickness and the value of the coefficient of
its intrinsic radiation absorption. The numerical simulation
carried out using the method of computational electrodynam-
ics clearly demonstrated that by increasing the absorption in
the shell one can significantly increase the extension of the
region of efficient volume absorption of the particle and make
its peak values higher by a few orders of magnitude. The
change in the shell thickness leads to the redistribution of the
absorbed power inside the microcapsule, and the thick-wall
microcapsules absorb radiation predominantly by their illu-
minated hemisphere. Moreover, we have found the possibility
of modifying the characteristics of the absorption regions in
the shells of spherical microcapsules of fixed radius by vary-
ing the wavelength of incident radiation. This allows control-
lable creation of optimal conditions for opening the shells at
the required spatial zones with the purpose to release the con-
tents of the microcapsules.
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