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Abstract.  A computer model has been developed and a theoretical 
study has been performed for nanostructures in the form of a two-
dimensional monolayer of nanoparticles of noble metals on an opti-
cal fibre end face. The parameters of nanostructure-based photo-
acoustic converters are chosen for different environments in order 
to provide a high light absorption coefficient, which, in turn, pro-
vides a maximally high conversion efficiency for ultrasound genera-
tion. It is established that efficient photoacoustic conversion can be 
implemented in a surface nanostructure composed of spherical gold 
nanoparticles, located on an optical fibre end face in water, in wide 
ranges of the nanostructure microscopic parameters. It is shown 
that the backscattering coefficient also turns out large in the case of 
resonance absorption; for this reason, one must provide optical iso-
lation of a laser in use when designing photoacoustic generators.

Keywords: photoacoustic generation, surface nanostructure, metal 
nanoparticle monolayer, optical fibre, surface plasmon resonance, 
electromagnetic simulation.

1. Introduction 

The  intensification  of  studies  in  the  field  of  photoacoustic 
ultrasonic  generation  is  due  to  the  wide  range  of  possible 
applications of broadband ultrasonic generators for diagnos-
tics of different media [1 – 5]. For example, the biological and 
medical applications are related to the necessity of high-reso-
lution imaging in endoscopic, intravascular, and ophthalmo-
logic  studies  [1,  6]  and  in  the  analysis  of  proteins  and  cells 
under laboratory conditions [7, 8]. No less important are the 
commercial applications of these generators for nondestruc-
tive control of defects in parts and for monitoring of complex 
soldered  units  [9 – 12].  Generation  of  broadband  ultrasonic 
signals  can  be  observed  when  irradiating  thin  absorbing 
media by a high-power modulated laser beam [13]. The irra-
diation provides expansion – compression cycles for a photo-
acoustic material, which generate acoustic waves in the con-
verter environment. The uniformity of the front of the formed 
acoustic wave depends strongly on the absorbing-layer thick-
ness; as a result, in most of practical photoacoustic applica-
tions, it is necessary to provide absorption of an incident laser 
beam  in  a  maximally  thin  layer  of  the  photoacoustic  con-
verter.

A promising direction in the design of ultrasonic genera-
tors is the development of fibre-optic photoacoustic convert-
ers, which have a number of advantages: compact sizes (sev-
eral hundreds of micrometers), small weight (several tenths of 
gram),  immunity  to  electromagnetic  interference,  wide  fre-
quency bandwidth, dielectric version, mechanical  flexibility, 
and high chemical durability [13]. A no less important param-
eter is the beam quality at the fibre output (the parameter M 2, 
factor of proximity of the optical power spatial distribution in 
the laser beam to Gaussian, should be close to unity). The lat-
ter condition can be  implemented  for a  single-mode optical 
fibre with an ultrapolished end face, oriented strictly perpen-
dicular  to  the  fibre  axis  (modern  optical  fibres  with  a 
W-shaped refractive index profile provide a beam quality at 
the fibre output at a level of M 2 < 1.02) [14].

To minimise the thickness of the  photoacoustic material 
layer in fibre-optic ultrasonic converters, surface nanostruc-
tures  in  the  form of  two-dimensional arrays of noble metal 
nanoparticles can be used as an absorbing medium [13]. These 
nanostructures have a very large aspect ratio (the ratio of lon-
gitudinal  sizes  to  thickness)  and  fairly  high  photostability 
(illumination  does  not  lead  to  degradation  of  nanoparticle 
absorbing layer). The necessary absorption coefficient at the 
wavelength of incident laser beam is obtained due to the effect 
of surface plasmon resonance (SPR) [13]. Such structures can 
be synthesised  from nanoparticles of noble metals  (Ag, Au, 
Pt, Pd) by chemical vapour deposition, optical arrangement 
[15], vacuum deposition [16], or atmospheric laser deposition 
[17, 18].

These structures are used as a rule in liquid media, e.g., in 
water or biological fluids, because an ultrasonic signal propa-
gating in a liquid is attenuated much more slowly than that in 
air  [13].  Various  polymers  are  generally  applied  to  form  a 
mechanical protective layer for nanoparticles on a fibre [2 – 5]. 
However, when a solid sample under study cannot be placed 
in  a  liquid,  an  ultrasonic  converter  is  brought  into  contact 
with the solid so as to minimise the air gap between them [9].

When  searching  for  optimal  nanostructures  for  photo-
acoustic converters, the fabrication of experimental samples 
is a rather expensive and long-term procedure. The choice of 
desired parameters of the nanostructured working surface of 
a  fibre  end  face  can be  significantly  simplified by means of 
computer  simulation  of  its  optical  properties  [19,  20].  The 
purpose of this work was to develop a computer model and 
perform a theoretical analysis of nanostructures in the form 
of a two-dimensional monolayer of noble metal nanoparticles 
on a fibre end face, as well as to choose appropriate parame-
ters of nanostructure-based photoacoustic converters for dif-
ferent  environments  in  order  to  implement  a  high  light 
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absorption coefficient, which, in turn, provides the most effi-
cient generation of ultrasound.

2. Computer simulation of surface nanostructures 
and convergence of simulation methods 

Figure 1 shows the schematic of the photoacoustic converter. 
The converter consists of a substrate (fibre end face) with a 
surface  array  of  monodispersive  metal  nanoparticles  in  an 
environment (the latter was considered to be air or water). Its 
simulation  was  performed  by  means  of  CST  Microwave 
Studio SE software. The simulation was performed for uni-
form excitation of nanostructures by light, which is approxi-
mately valid for the mode spot centre in the case of a single-
mode  optical  fibre  (calculations were  performed  for  single-
mode visible-light fibres; examples are Corning RGB 400 or 
FibreCore SM450). Note that the program package applied 
here was historically developed as a tool for simulating micro-
wave structures and antennas [21]. For this reason, the com-
putational algorithms are optimised to calculate the scatter-
ing  matrices  (S-parameters),  which  relate  the  incident  and 
reflected electromagnetic waves in an arbitrary complex net-
work [22].

The model unit cell of minimum size, corresponding to a 
single lattice point of a structure with translational symmetry 
in two dimensions, consists of two contacting parallelepipeds.
One  is  formed by  the substrate material and  the other con-
tains nanoparticles and environment (Fig. 2). The nanoparti-
cles are located on the interface between the parallelepipeds. 
Nanoparticles bases are placed on the substrate surface. The 
semi-infinite  (in  the  direction  normal  to  the  interface)  sub-
strate and environment layers are modelled using absorbing 
boundary conditions, implemented via Floquet ports. These 
ports  in  the CST Microwave Studio SE package are  ideally 
matched  layers  (there  are  several  layers  of  additional  cells, 
located beyond the modelled volume; the fields in these cells 
are  calculated  with  allowance  for  the  large  virtual  loss) 
[23,  24].

A planar structure translation  to infinity along the x and 
y axes is implemented using boundary unit-cell conditions.  
Thus, using the finite integral technique (implemented in the 
CST  Microwave  Studio  SE  package),  one  can  take  into 
account  the  collective  interactions  in  the  entire  system: 
nanoparticles – neighbouring  nanoparticles – sub-
strate – environment.  A  complete  electromagnetic  simula-

tion of the structure [25] is performed in the following way. 
Note  that  the  use  of  boundary  conditions  for  a  unit  cell 
allows one (in the general case) to take into account the mul-
tipole  interaction  in  the  ensemble  of  periodically  spaced 
nanoparticles.

Calculations  are  performed  with  a  tetrahedral  spatial 
mesh, which yields most accurate results under specified unit-
cell  boundary  conditions  [20,  25,  26].  Iterative  simulations 
should be performed in order to reduce the influence of spa-
tial mesh parameters for every nanostructure type. Such itera-
tions are carried out until simulation results get steady state 
values.

In a number of previous papers, we applied an analysis 
of  the  electromagnetic  far-field  by  means  of  CST 
Microwave  Studio  SE  [19,  20,  25].  Electromagnetic  field 
simulation shows that a stationary periodic distribution of 
the  electromagnetic  field  is  formed  rather  rapidly  in  the 
substrate  [25,  27].  This  effect  was  observed  even  when 
domains  of  anomalously  strong  electric  field  manifested 
themselves;  these  domains  are  indicative  of  intense  reso-
nance  collective  interaction  between  nanoparticles  in  the 
layer  [25].  To  make  the  computer  simulation  more  effi-
cient, we propose to use the electromagnetic field charac-
teristics  calculated  with  the  help  of  the  S-matrices. 
Moreover,  the  simulation  of  nanostructures with  smaller 
substate  is  proposed.  This  allows  one  to  significantly 
reduce  the  number  of  sampling  cells  for  the  structure 
(Fig.  2b).  Spectral  dependences  of  the  light  absorption 
coefficient,  which  is  determined  by  the  radiation  energy 
dissipation in the modelled structure, were calculated.

The system of universal S-parameters makes it possible to 
relate  the  incident and reflected waves  in an arbitrary com-
plex network. The relation between the S-parameters and the 
amplitudes of incident (a1,2) and reflected (b1,2) waves is given 
by the expression [22]
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where S11  is  the  reflectance  from  the  substrate  to  the  sub-
strate, S12  is  the transmittance from the environment to the 
substrate, S21  is  the transmittance from the substrate  to the 
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Figure 1. Schematic of the nanostructure: metal nanoparticles are de-
posited  on  the  surface  of  a  substrate  (single-mode  optical  fibre);  the 
sizes of the fibre core and spherical nanoparticles are indicated.
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Figure 2. Simulation  schemes  for  surface  nanostructures  with  metal 
nanoparticles on a substrate in an environment (air, water), which are 
based on (a) analysing the electromagnetic field in the far-field zone and 
(b) recalculating the S-matrices. The unit cell is shown in the xz and yz 
planes. 
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nanoparticle  layer,  and  S22  is  the  reflectance  from  the 
nanoparticle layer to the environment.

Figure 3 shows how the S-matrix components are deter-
mined at some frequency, when radiation  is  incident on the 
structure  from  two  sides:  from  the  nanoparticle  layer  and 
from the substrate (fibre end face). 

On  the  assumption  that  laser  radiation  illuminates  the 
nanostructure from only the fibre, the extinction coefficient is 
calculated at each wavelength using the relation

k = S11 + (1 – S21 – S11) = 1 – S21.

In turn, the absorption coefficient is calculated from the for-
mula

l = 1 – S21 – S11.

The input data for a computer model are the type of mate-
rial, shape, and sizes of nanoparticles; the types of substrate 
material and environment; and the incident radiation param-
eters. Note that the dispersion of the optical constants of met-
als is taken into account by interpolating the spectral data of 
[28].

The  surface occupation density  is  equal  to  the  ratio of 
the area of nanoparticle projection onto the substrate, SNP, 
to  the  unit  cell-base  area  SUC.  For  example,  the  surface 
occupation density for spherical nanoparticles can be deter-
mined as
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where a is the distance between the projections of nanoparti-
cles onto  the  substrate,  expressed  in  terms of  their  radius  r 
[20].

Figure  4  shows  the  results  of  simulating  the  extinction 
efficiency based on the far-field analysis (dots) and based on 
S-matrices (solid curves) for spherical, conical, and pyrami-
dal (with an octagonal base) silver nanoparticles on a sub-
strate (the end face of a fibre with a refractive index n » 1.46) 
in air (the refractive index nair » 1). The parameters were as 
follows: the nanoparticle base radius r = 25 nm, the nanopar-
ticle height h = 2r = 50 nm, and the surface occupation density  
r = 46 %. During far-field simulation, the software package 
automatically  sets  reference  wavelengths  (from  a  specified 
wavelength range), for which the optical characteristics of the 

nanostructure are calculated. A new (different from the previ-
ous)  sequence  of  reference  wavelengths  is  automatically 
formed  for  each value of  the  sweep parameter;  these wave-
lengths may differ from the real wavelength corresponding to 
the  maximum  in  the  absorption  spectrum.  To  reduce  the 
influence of this effect on simulation results, one must increase 
the computational mesh density. As a result, the calculation 
time  for  each  reported  absorption  spectrum  significantly 
increases. Thus, the far-field analysis is not always efficient: 
first, simulation results may depend strongly on the computa-
tional grid parameters and, second, an excess sampling of the 
structure studied is often called for.

The convergence of simulation can be studied by analys-
ing the relative residual uncertainty (residual). The residuals 
in the range from 10–13 to 10–12  are obtained for all the wave-
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Figure 3. Determination of the S-matrix components at some frequen-
cy, when the structure is irradiated from two sides: from the side of the 
nanoparticles and from the side of the substrate (optical fibre); a1 and a2 
are the complex amplitudes of the waves incident on the nanostructure 
and b1 and b2 are the complex amplitude of the waves reflected from it. 
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Figure 4. Results of  simulating  the  extinction  efficiency based on  the 
analysis of electromagnetic field in the far-field zone (circles) and on the 
S matrices (solid lines) for (a) spherical, (b) conical, and (c) pyramidal 
(with an octagonal base) silver nanoparticles deposited on a substrate. 
The  filled  and  open  circles  correspond  to  25  and  35  lines  per  wave-
length, respectively.
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lengths under study. At the same time, the specified maximum 
residual  value was  set  to  be  10–12. Near  the  SPR peak,  the 
residual strongly oscillates due to the reso nant distribution of 
the electromagnetic field.

3. Optical characteristics of surface  
nanostructures with metal nanoparticles  
for fibre-optic photoacoustic converters

The  absorption  spectrum  was  simulated  in  the  wavelength 
range of 330 – 850 nm, where the light absorption coefficient 
of gold and silver nanoparticles of most typical shapes is max-
imal [29]. For example, the SPR peak for spherical silver and 
gold nanoparticles lies in the wavelength range of 330 – 550  nm. 
Hence,  in  designing  photoacoustic  generators,  one  can  use 
commercially  available  solid-state  frequency-conversion 
lasers (wavelength of 532 nm) and direct-generation semicon-
ductor  lasers (wavelengths  in the range of 510 – 530 nm and 
wavelengths of 405, 445, and 450 nm) [30].

The  possibility  of  efficient  photoacoustic  conversion  is 
determined by a set of factors (e.g., the thermophysical and 
hydrodynamic properties of nanostructure), whose consider-
ation is beyond the scope of this study. To implement an effi-
cient (from the point of view of high modulated light absorp-
tion in the nanostructure) photoacoustic transformation, it is 
necessary to satisfy several conditions simultaneously:

1. Availability of a laser generating modulated radiation 
in the desired wavelength range.

2. A sufficiently wide SPR peak (with a width more than 
25 nm at a level of 0.9) to provide a possibility of wavelength 
multiplexing for different lasers.

3. High absorption coefficient  in the SPR peak (50 % or 
more).

Note that in this case it is not quite correct to introduce 
the photoacoustic conversion efficiency as a numerical value, 
because some conditions do not allow for clear mathematical 
formulation.

Figure 5 shows the SPR peak positions in the absorption 
spectrum  of  the  nanostructure with  gold  nanoparticles  on  a 
fibre end face in water, depending on the nanoparticle radius 
and the surface occupation density (fibre end face). The domain 
of existence of commercially available lasers providing genera-
tion of modulated optical signal is shown grey.

Figure 6 presents the SPR peak width at a level of 0.9 in 
the absorption spectrum of the nanostructure with spherical 
gold nanoparticles on a fibre end face in water, depending on 
the nanoparticle radius and the surface occupation density. It 
can be seen that the range where the SPR peak width at a level 
of  0.9  exceeds  25  nm  covers  almost  the  entire  range  of  the 
simulated parameters, except for a small  interval, extending 
from the point corresponding to the surface occupation den-
sity r = 55 % and nanoparticle radius r = 2.5 nm to the point 
with  r = 35 % and r = 13 nm.

Figure 7 shows the absorption coefficients within the SPR 
peak  in  the  absorption  spectrum of  the  nanostructure with 
spherical  gold  nanoparticles  in  water  as  functions  of  the 
nanoparticle radius and the surface occupation density. It can 
be seen that there is an extended interval in which the absorp-
tion  coefficient  in  the SPR peak  exceeds 49 %. The domain 
where all three conditions necessary for efficient photoacous-
tic  conversion  are  satisfied  is  outlined  by  a  contour.  It  is 
important that, in the case of particles with radii of 18 – 23 nm, 
a  change  in  the  surface  occupation  density  in  the  range  of 

35 % – 70 % does not  affect much  the photoacoustic  conver-
sion efficiency.

Figure  8  shows  the  absorption  coefficients  within  the 
SPR  peak  in  the  absorption  spectrum  of  the  same  nano-
structure but with air environment.  In  the case of a nano-
structure  with  silver  nanoparticles  formed  on  a  fibre  end 
face  and  located  in  air,  the domain where  all  three  condi-
tions  necessary  for  efficient  photoacoustic  conversion  are 
satisfied is very small: the nanoparticle radii and the surface 
occupation densities range from 8 to 15 nm and from 57 % to 
62 %, respectively.

There are some peculiarities in the spectral behaivour of 
the SPR peak for gold nanoparticles on the fiber end face in 
water (Figs 5 – 7) with any surface occupation densities and 
sizes in the range of 18 – 24 nm. A simulation of the spatial 
distribution of the electric field strength (field distributions 
in  the  same  phase  were  compared)  in  the  nanostructure, 
both at a wavelength near the SPR peak and directly at the 
absorption peak, revealed the following. In the case of small 
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nanoparticles (whose sizes are comparable with the penetra-
tion  depth  of  the  perturbed  electromagnetic  field  into  the 
substrate),  the  field  in  the  nanoparticles – surrounding 
water – substrate system oscillates as a single whole. A cou-
pled  system  of  collective  electron  plasma  and  electromag-
netic  field  is  formed.  Here,  the  perturbed  substrate  field 
affects significantly the nanoparticles. For large nanoparti-
cles  (whose  sizes  exceed  the  penetration  depth  of  the  per-
turbed electromagnetic field into the substrate), the fraction 
of the energy of the perturbed electromagnetic field concen-
trated in the substrate is small in comparison with the energy 
in the nanoparticles – environment system. The region with 
pecularities of the SPR-peak bahaivour is a transition region 
from the coupled system of electron plasma and electromag-

netic field of the whole structure to the oscillating nanopar-
ticles – environment  system.  Note  that  the  permittivity  of 
environment affects much the spatial distribution of electric 
field  strength:  in  the  case  of  air,  the  perturbed  field  pene-
trates  at  a  large  depth  into  the  medium  surrounding 
nanoparticles. For this reason, the transition region is absent 
in Fig. 8.

When  designing  photoacoustic  converters,  it  is  also 
important  to  take  into account  the magnitude of  the back-
reflection from the nanostructure, because this effect may dis-
turb the generation of a semiconductor laser. Figure 9 shows 
wavelength dependences of the absorption coefficient and the 
back-reflectance to the fibre for a nanostructure with spheri-
cal gold nanoparticles on the fibre end face in air for different 
surface  occupation  densities.  It  can  be  seen  that,  for  the 
parameters  providing  a  maximum  light  absorption  in  the 
nanostructure,  the back-reflectance  to  the optical  fibre may 
be rather high (up to –3 dB) at a surface occupation density of 
about 70 %. A decrease in surface occupation density results 
in decreasing of back-reflectance. The back-reflection reaches 
a maximum at the wavelengths corresponding to the maxima 
of  SPR  peaks  and  sharply  decreases  at  both  sides  of  these 
peaks; this decrease is more pronounced on the short-wave-
length side as compared with the long-wavelength one. When 
designing photoacoustic generators, one must isolate a laser 
(using,  e.g.,  a  fibre-optic  isolator)  in  order  to  preven back-
reflection to the laser cavity.
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Figure 7. Absorption coefficients within the SPR peak  in  the absorp-
tion spectrum of the nanostructure with spherical gold nanoparticles on 
a fibre end face in water, depending on the nanoparticle radius and the 
surface occupation density. The region where the absorption coefficient 
in the peak exceeds 49 % is shown grey. The domain in which all three 
necessary conditions for efficient photoacoustic conversion are satisfied 
is  outlined  by  a  contour. The  numbers  on  the  curves  are  absorption 
coefficients in percent.
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Note that the absorption coefficient  is affected by many 
factors (e.g., nanoparticle material and the refractive indices 
of  the  fibre  core  and  nanoparticle  environment).  Figure  10 
shows  absorbtion  coefficient  versus  wavelength  for  nano-
structures with spherical gold and silver nanoparticles (with a 
radius of 20 nm and a surface occupation density of 46 %) on 
a fibre end face for different refractive indices of the nanopar-
ticle environment. It can be seen that, with an increase in the 
refractive  index  of  environment,  the maximum  of  the  SPR 
peak  for  these  two  types  of  nanostructures  becomes  red-
shifted. In the wavelength range of 490 – 650 nm for the nano-
structures with  gold nanoparticles,  the position of  the SPR 
peak changes by ~50 nm with a change in the refractive index 
by unity (Fig. 10a), whereas in the range of 370 – 590 nm for 
the  nanostructures  with  silver  nanoparticles  it  changes  by 
~110  nm  with  the  same  change  in  the  refractive  index 
(Fig. 10b). It can also be seen that, when the refractive indices 
of the environment and substrate are identical, the absorption 
spectra  contains  one maximum, whereas  an  increase  in  the 
refractive  index of  the environment gives  rise  to  the  second 
maximum in the spectrum. This is likely due to the difference 
in the interaction between excited plasmonic oscillations for 
different systems: nanoparticles and substrate. As the simula-
tion shows,  the penetration depth  into  the substrate  for  the 
electromagnetic  field  perturbed  by  plasmon  resonance 
exceeds that for the environment of nanoparticles [20, 27].

4. Conclusions

We considered an approach to the computer simulation of the 
optical  properties  of  nanostructures  for  fibre-optic  photo-
acoustic converters. The approach makes it possible to estab-
lish the physical mechanisms relating the microscopic param-
eters  of  nanoparticles  and  nanostructure  with  the  output 
characteristics  of  the  entire  converter  without  synthesising 
test samples. To this end, a method for calculating the light 
absorption  coefficient  (which  is  actually  determined  by  the 
electromagnetic energy dissipation) based on computation of 
S-matrices was proposed.

It was found that efficient photoacoustic conversion can 
be implemented in a surface nanostructure formed by spheri-
cal gold nanoparticles on a fibre end face placed in water (in a 
wide  range  of  the  nanostructure  microscopic  parameters). 
For example, for the particles with radii of 18 – 23 nm and the 
surface occupation density from 35 % to 70 % does not affect 
much the conversion performance. Simultaneously, there are 
three  more  fairly  wide  ranges  of  the  parameters,  in  which 
high-efficiency  photoacoustic  conversion  can  be  imple-
mented. For nanostructures with gold or silver nanoparticles 
on a fibre end face in air, we have a very narrow range of the 
parameters where all necessary conditions for photoacoustic 
conversion  are  satisfied;  hence,  the  applicability  of  these 
structures is significantly limited.

It was shown that, in the case of resonance absorption, the 
back-reflectance is also large; in particular, it is larger than –3 
dB at a surface occupation density above 70 % for the nano-
structure with gold nanoparticles on a  fibre end face  in air. 
Hence, when designing photoacoustic  generators,  one must 
optically isolate the lasers in use.
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