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LASER PHOTOACOUSTIC DIAGNOSTICS OF ADVANCED MATERIALS WITH DIFFERENT STRUCTURE AND DIMENSIONS

LASEROWA DIAGNOSTYKA FOTOAKUSTYCZNA NOWOCZESNYCH MATERIALOW O ROZNEJ STRUKTURZE I GEOMETRII

In the article the results of practical implementation of the PA methods in the study of materials of different structure and
dimensions are presented. The features of PA conversion in inhomogeneous semiconductor structures such as porous silicon
and doped semiconductor materials are analyzed. To investigate the thermal and elastic properties of porous silicon’s based
composites gas-microphone and piezoelectric methods registration of PA signal were used.

The results of theoretical and experimental investigation of PA conversion in inhomogeneous silicon-based semiconductor
structures under their irradiation by short (~ 10 ns) laser pulse are presented. The influence of thermal parameters distribution
of the material structure on the PA signal parameters is shown. Principal possibility of using pulsed radiation for investigation
of the modified submicron surface layer is demonstrated.
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W pracy zaprezentowano wyniki praktycznej realizacji metod fotoakustycznych do badania materialéw o réznej strukturze
i geometrii. Analizowane byly aspekty konwersji fotoakustycznej w niejednorodnych strukturach pétprzewodnikowych jak po-
rowaty krzem i domieszkowane materialy pétprzewodnikowe. Do badania termicznych i elastycznych wiasciwosci kompozytoéw
opartych na porowatym krzemie uzywano mikrofonowej, piezoelektrycznej metody fotoakustyczne;j.

Przedstawione zostaly wyniki teoretycznych i do§wiadczalnych badarn konwersji fotoakustycznej przy uzyciu krétkich
impulséw laserowych (okofo 10 ns). Pokazano wplyw profilu przestrzennego materialowych parametréw termicznych na sy-
gnal fotoakustyczny. Przedstawiono takze mozliwosci zastosowania metod impulsowych do badania submikronowych warstw

powierzchniowych.
1. Introduction

A nowadays development of high technology mate-
rial science requires an establishing of new methods of
characterization and diagnostics, based on new physical
principles. Thus up-to-date NDT methods, in particular
acoustic ones, can be established only on the base of the
researches that provide new scientific data.

Photoacoustic (PA) diagnostics has lately been the
rapidly developing field of investigation of various mate-
rials properties [1]. The interest here is mainly associated
with the successful application of PA methods for inves-
tigating the modern materials or their compositions with
different structures and dimensions, for which the use of
traditional physical methods has significant limitations.

PA effect is the phenomena of generation of elas-
tic fields in material that is irradiated by non-stationary
light. It is based on a number of energy conversion
processes: light absorption, heating — cooling, the gener-
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ation of elastic fields. Many factors should be taken into
account for an adequate analysis of obtaining the results
despite the widespread use of PA effect in science and
technology. For example, features of the absorption of
optical radiation [2], the temperature distributions for-
mation, the role of electronic subsystem (in the case
of semiconductor materials study) and available elastic
stresses that exist in the material. So it is clear that the
research of PA signal changes depending on various in-
ternal and external causes is extremely important.

The results of practical implementation of the PA
methods in the study of materials of different struc-
ture and dimensions are presented below. The features
of PA conversion are analyzed in inhomogeneous semi-
conductor structures such as porous silicon and doped
semiconductor materials. To investigate the thermal and
elastic properties of composites based on porous sili-
con gas-microphone and piezoelectric methods registra-
tion of PA signal were used. Radiation with an intensi-
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ty that is modulated by the harmonic law was used in
such case. For the analysis of photoacoustic conversion
in doped semiconductor structures pulsed laser radiation
with pulse duration 10 ns was used. Using a combination
of these two techniques allows evaluating thermal and
elastic parameters of such materials in different spatial
scales.

2. Investigation of porous silicon and composites on
its basis by PA technique

PA methods appeared to be effective for the study
of objects where the use of traditional experimental ap-
proaches is difficult (in particular for porous materials
[3]). The interest to the study of porous materials and
composites based on it has been increased in recent
years. This is due to the fact that such materials are
often nanostructured, and substance of the porous matrix
and of the filler in the composite is in a state with con-
finement geometry. Special attention (based on applied
applications) is involved by questions of clarifying the
features of PA conversion and exploring the possibilities
of PA methods usage to obtain the information about the
thermal and elastic properties of porous silicon (PSi) and
composites (such as composite system “porous matrix —
fluid”) based on it.

Implementation of classical stationary methods of
measuring the large part of thermophysical properties
needs a good thermal contact between sample and other
parts of the measuring device. In the case of porous sam-
ples, especially with open pore morphology, the imple-
mentation of such contact without violating the material
structure is a challenge.

We shall note that PSi, as the most part of porous
materials and powders, scatters good light. Thermal pa-
rameters and elastic modules of PSi may differ from the
characteristic of the monolithic materials within one —
two orders of value [4]. From this point of view the us-
age of PA methods for the diagnosis of PSi is perspective
and effective.

The study of thermal and spectral properties of PSi
known in the literature is performed as a rule by classical
spectroscopy methods PA (PAS). The main mechanism
of signal formation in this case is the mechanism of the
so-called “gas piston” [5,6]. In this case the PA signal
parameters are sensitive to the optical absorption spec-
trum of radiation and thermal properties of the sample.
At the same time, it is not possible to determine the
elastic modules and the coefficient of thermal expansion
by PAS methods

One of the possible ways of solving this problem is
to use a “membrane” effect at gas-microphone method
of forming the signal (so-called geometry of “open win-

dow” [7]). It is essential that in some cases PSi parame-
ters are such that the “"membrane effect” is significant
and well measured in the frequency range of modulation
typical for low- frequency PA experiment. This allows
you to register thermoelastic component of the PA signal
from PSi plate and composites based on it.
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Fig. 1. Dependence of amplitude (a) and phase shift (b) on frequency
for samples of PSi. Dashed lines show the calculated dependencies
for the component (thermoelastic and thermowave) separately, solid
— the result of summation. Experimental data are shown by dot.

In Figure 1b the dependence of the phase shift (A¢g)
of PA signal on the light modulation frequency from
the mesoporous PSi plate thickness of 270 microns is
given. The minimum in dependence is caused by mutual
influence of different mechanisms of formation of vari-
able pressure component, namely: “membrane” and “gas
piston”. A similar minimum was observed previously
for samples [8,9] that have value of thermal diffusivity
corresponding to the value of meso-PSi. Numerical sim-
ulation shows that position and depth of the minimum
is determined by the values of thermal conductivity and
coeflicient of thermal expansion of porous silicon.

Experimental dependence of the amplitude (U) of
PA signal for composite ”PSi — 0il” is shown in figure
la by triangle. It is seen that at high frequency mod-
ulation the amplitude of PA signal from the composite
significantly (20 times) more than the amplitude from the



PSi sample of the same thickness. This difference may
be explained by an increasing of the effective thermal
expansion coefficient of the composite compared with
thermal expansion coefficient of PSi.

Experiment setting (in geometry “open window”)
has several advantages compared with traditional used in
PA spectroscopy of porous silicon. Figure 2 shows de-
pendence of the phase shift of PA signal obtained from
samples of nano-porous PSi layer (7mkm) on silicon
substrate, with excitation of PA phenomena by light with
different wavelengths. It is seen that these dependen-
cies significantly differ among themselves with frequen-
cy increasing. This allows using of this PA experiment’s
geometry to obtain optical absorption spectra. We shall
note that the advantage of this geometry is that the signal
amplitude depends little on absorption of porous layer
and remains significant at frequencies where a layer of
PSi is “thermally thick™ (opposed to [3], where at high
frequencies to the red part of the spectrum signal comes
up with amplitude of noise).
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Fig. 2. Dependence of the phase shift of PA signal obtained from
samples PSi nanoporous layer (7mkm) on silicon substrate, as excit-
ing was used light with three different wavelengths in the geometry
of the experiment “open window”

Application of PA techniques (including piezoelec-
tric registration) is promising direction for study of the
porous medium with liquids transport properties. This
problem is relevant in biology, engineering, medicine
and other applications. Low frequency registration al-
lows getting a signal proportional to the total value of
thermoelastic stresses in the cross section of the sample
in selected geometry “sample-Piezoelectric transducer”.
Significant difference in values of thermal conductivity
PSi and Si allows determining the relaxation time (7)
of thermal induced fluid pressure in pores. Through the
value of 7 it is possible to identify the characteristics of
morphology of porous material or fluid parameters re-
lated to the viscous flow in porous system. Oscillogram’
approximation (curve 1) represents by the sum of linear
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growth (thermoelastic component of PA signal - curve
2,2’) and exponential decay (component associated with
relaxation of thermal induced pressures3).

Fig. 3 shows the dependence of PA signal (solid line)
on the composite “PSi-ethanol” at a rectangular modula-
tion of excitation light and registration by piezoelectric
transducer. We associate the minimum observed on this
dependence, to the relaxation of thermo induced fluid
pressure in pores. The relaxation of pressure and perme-
ability of porous material by liquid can be determined
from the minimum position.
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Fig. 3. Oscillogram of PA signal (piezoelectric registration) for the
structure ”PSi — ethanol”. Oscillogram’ approximation (curve 1) rep-
resents by the sum of linear growth (thermoelasity component of
PA signal — curve 2,2) and exponential decay (component associated
with relaxation of thermal induced pressures, curve 3)

Basing on the model of quasi-stationary thermoelas-
tic oscillations we have proposed a measurement method
and the construction of a multilayer transducer [10],
which allows to determine the thermal diffusivity of the
porous layer when the latter is on a monolithic substrate
[11]. In this case significant difference of the elastic
properties of porous and solid layers in these samples
is the important. In terms of the proposed model an
experiment with samples of mesoporous PSi layer on
a monocrystalline substrate was made. Increase in the
rate of growth potential after a certain period of time
(0.4 ms for the porous layer with thickness 50 microns
and a porosity 65%) from the beginning of heating was
observed during the experiment. By selecting the pa-
rameters of material in the numerical model, we were
pursuing the coincidence of the character of the time
changes in calculated and experimental dependencies.
The obtained value of thermal conductivity of meso-
porous layer-layer sample was compared with the ex-
perimental value of thermal conductivity of the porous
layer, grown under the same anodization regimes but
separated from the substrate. The results are in good
agreement with each other.
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3. Pulse laser techniques for study submicron
surface layers

The investigation of structure with a modified sur-
face layer using conventional [6] photoacoustic methods
is problematic. This is due to the fact that the study of
properties of subsurface layer has a thickness less than
one micron, it is necessary to achieve frequency of light
modulation more than ten megahertz, which is associated
with technical difficulties. The use of pulsed laser radi-
ation (as excitation) is perspective [12] for solving this
problem. In this case the use of traditional methods of
harmonic analysis (measuring amplitude and phase) for
the interpretation of photoacoustic signal is problematic,
because the exciting signal has a rather wide range [13].

In [14,15,16] the formation of PA signal in weakly
absorbing materials is examined. In this case the main
carrier of information about the material’ structure is the
acoustic wave, and the phenomenon of thermal diffusion
practically has no effect on the process of PA conversion.
The use of such purely acoustic methods to consider
structures with modified subsurface layer (in most cases
their experimental and technical realization) is difficult,
because the length of the acoustic wave is much larger
than the area of modification.

Let’s consider the temperature profiles formation in
the model inhomogeneous two-layer structure; layers of
such structure differ only by thermal diffusivity (y). In
this paper we analyze the case of strong absorption when
the excitation beam size is much larger than the light pen-
etration depth. In this case we consider one-dimensional
heat equation to simplify the analysis:

T(z,t) _ 0 ()BT(z,t) L Dol = R)B exp(=f2)
TR cp 8

(1),
6]
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where [ — intensity of incident radiation, g (¢) — function
that characterizes the time distribution of intensity, ¢, p
— heat capacity and density of the material, 8 — optical
absorption coefficient, R — reflection coefficient, y ()
— function that characterizes thermal diffusivity spatial
distribution.

This equation supplemented by boundary conditions
(the absence of outflow of heat from the upper surface
(0T/02)|,=0+0 = O, contact the lower surface with ther-
mostat T|,_; = 0 (d — thickness of the structure)) can be
solved using the finite elements methods.

In Fig. 4 the results of numerical calculation of the
surface temperature evolution (a) and thermal profile at
the end of the laser pulse (b) for the Si-based two-layer
structures are represented. Figure 4 shows that with in-
creasing the thickness of modified layer the surface tem-
perature increases, respectively increasing temperature
gradient. Le. in this case the heat concentration in the
material’ surface layer phenomenon takes place. Let’s
note that in case of strong light absorption in material
with specified thermophysical properties under their ir-
radiation by short laser pulses (Fig. 4), area of thermal
energy localization has the same order that the structure’
area modification.

Basing on the boundary conditions the solution of
the heat equation (1) can be written in the following
form:

T 1) = ) bu(t)cos(an), 2)
n=0

where a, = (0.5 + n)/d, n is non-negative integer.
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Fig. 4. Surface temperature evolution (a) and temperature profiles (b) at the end of laser pulse for model two layer structures with different

thickness of top layer
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Fig. 5. Surface displacement evolution of homogeneous (a) and inhomogeneous (b) model two layer structures with different thickness of

top layer

Let’s analyze the fields of elastic displacement for-
mation in the material in the presence of thermal distri-
bution T'(z, t). In this case let’s consider the thermoelas-
ticity equations [17]. In this paper we consider the model
case when there is thermal parameters heterogeneity only
along the direction Z. Therefore, to simplify the analysis
we consider the one-dimensional case of thermoelasticity
equations:

Pu  ,0%u 0T
o " er " o
here v — the sound velocity in the environment, A and u
— Lamé parameters, a7 — thermal expansion coefficient.
We write the boundary conditions for (3) as:
(0u/02)].=040 = 0, ul=y = 0.
So

e=ar2a+3w/p (3)

U@ 1) = ), fult) cos(ap2) @)
m=0

Substituting (2) and (4) in equation (3), taking into ac-

count the initial conditions (absence of initial displace-

ments and forces), and solution of (3) can be obtained

as:

(o) (o]
£ a,
=0, ) em "
v a

n=0 m=0 m

t

f sin (va,, (s — 1))-b,(s)dsxcos (a,2) ,

0

)
here
2
m, when m +n = Zp,
p is non — negativ integer
Cnm = 2
ﬁ, when m+n=2(p + 1),
n—m)mn
p is non — negativ integer

In Figure 5a evolutions of surface displacement of the
samples with different values of thermal diffusivity are
presented. It is seen that the curve has oscillating char-
acter, frequency of oscillation corresponds with the own
frequencies of the structure. L.e., if we know the geomet-
rical size of the sample and its elastic parameters, we
can estimate in advance the frequency interval in which
the PA signal should be analyzed. This is important for
the experiment performing. Furthermore, note that the
amplitude of this signal will be significantly depended
on thermal parameters of investigating samples. Figure
Sa shows that with increasing the value of thermal dif-
fusivity the amplitude of the PA signal increases.

Fig. 5b shows the evolutions of surface displacement
of the two-layer model samples with different thickness
of top layer. It is seen that with increasing of modified
layer’ thickness changes the parameters of PA response:
amplitude and phase shift increases.

In Fig. 6 evolutions of surface displacement of the
two-layer model samples with different values of ther-
mal diffusivity of top layer are presented. It is seen that
with increasing the surface layer thermal diffusivity the
amplitude of PA signal decreases.

Thus, basing on the results obtained above, we can
estimate that the thermal properties of structure’s surface
layer influence the parameters of photoacoustic response.
It gives the possibility of the submicron surface layer
diagnosis by PA techniques.
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Fig. 6. Surface displacement evolution inhomogeneous (b) model
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top layer

4. Conclusions

In the paper the PA techniques for thermal and elas-
tic properties of advanced materials with different struc-
ture and dimensions are presented.

The peculiarities of PA transformation in compos-
ite systems based on mesoporous Si are investigated.
The results can be applied for study of porous material’s
morphology and development of sensor systems.

The processes of PA signal formation in inhomoge-
neous semiconductors structures under their irradiation
by short (~ 10 ns) laser pulse was investigated. The case
of strong light absorption was analyzed. It was shown
that in this case the presence of structural inhomogeneity
of submicron surface layer leads to the change of the PA
signal parameters (such as amplitude and phase shift).
So it gives an opportunity to investigate thermal prop-
erties of modified submicron surface layer using pulsed
radiation.
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