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Abstract : :

Among optical methods the photothermal radiometry offers a new metrological technique for
the successful investigation of subsurface defects, buried inhomogeneities and structures beneath
an optical opaque surface. In these investigations, the thermal waves reflect several sets of
information about the inner and outer structures, about optical, thermal and mechanical properties.

The purpose of this contribution is the presentation of theoretical calculations for simulation of
measuring signals and reconstruction of buried inhomogeneities from measured amplitude and
phase signals. Hence, experimental results can yield a reliable defect identification and
identification of surface and subsurface thermal features. :

1. Introduction

Since over one decade, thermal waves have been used for detecting subsurface hidden
structures which have dimensions of mm down to #m in a nondestructive manner. Theore-
tical works by Busse and Rosencwaig [1] started discussing photoacoustic effects in
1980, extended to thermal waves by Mandelis [2]. The approach we follow in our work is
given by an analogy to the optical projection of the structure using the point spread func-
tion [3,4]. Our special point of interest is focused on the measurement of material proper-
ties and the detection of defects by photothermal microscopy with radiometry and optical
beam deflection [5,6,7]. Moreover, not only measurements and their simulations are
carried out, but also the reverse process is taken into account. The starting point is the
inversion of the point spread function. So, depth, shape and thermal parameters of the
defect can be determined. Other works, carried out e.g. by Crowther et. al. [8], use the
inverse scattering algorithm with the Green's function when measuring pulse echoes or
thermal tomography with back propagation in the wave field approach by Padé et. al. [9].

2. Theory of photothermal imaging
2.1.Photothermal imaging of thermal inhomogeneities

According to the theory of Walther et. al. [3.4] subsurface structures and buried
Inhomogeneities, inspected by a modulated continuous wave heat source, are imaged to
the measuring signal in analogy to an optical projection by a transfer function, called the
point spread function (psf). The projection S is given by the convolution of the defect
distribution W (in the depth zg) and the psf G:

S(x,y) = W(x,y)*G(x,y) m
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The psf is a function of thermal parameters and the modulation frequency ®:

Glxy)= Eo? gt D) AZo {1+ ! +B|(2)
,/x’+y2+z§ ,/x2+y2+z§l a,/xz+y2 +2z2
where A=Ax/ x difference of therm. conductivity between defect and base material

B=A(pc)/(pc) difference of the specific heat capacity
o=+i)/u=1+i)Y '

7] =,/2xl pcw thermal diffusion length
Y frequency  parameter

The detection of hidden structures is ' ’\ 60
done by scanning the surface in two .,  an
directions, so the above functions are de- -
scribed in these two coordinates. The és ; 2"5
measured signal consists of an amplitude § R \ 08
and a phase shift relative to the modula- 2 g
tion of the excitation source. They are re- ga den &
flected by the real part and the imaginary
part of S and are called the amplitude 10 0
and phase contrast, respectively. These .5 ; ; ; P
contrast functions depend on the modu- ® ® * 6 2 268 A 38 4 45 8
lation frequency; they are illustrated in frequency parameter Y ~ /T

figure 1. Fig. 1: Amplitude and phase contrast as a function

of the modulation frequency

2.2.Reconstruction of a buried structure

For a given signal Sfx,y) (either measured or simulated) the original defect distribution
Wix,y) can be calculated by a deconvolution of the signal and the psf Gfx,y). Simulations
were carried out varying the parameters of the psf in order to estimate the premissable
deviation of the unknown parameters from the real ones [10].

The simulations show that the depth of the defect may deviate by approx. a factor 2

Fig. 2a-2c: Reconstructed defect of a disc shaped defect: a) simulated measuring signal,
b) reconstructed defect with correct parameters, c¢) reconstructed defect with wrong
set of parameters

and the defect strengthens in the order of 15% from the real parameters. Figure 2a
illustrates the simulated phase contrast of a given disc shaped defect. Depending on the
depth, the defect either appears spread or, in a very small depth, almost identical with the
original defect distribution.
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If the defect is now calculated by the deconvolution on the basns of the signal, the
resulting defect distribution for known parameters of the psf is - as expected - the given
disc shaped defect, which is shown in figure 2b. But normally the parameters of the psf
(depth of the defect, defect strengthens) are unknown. Therefore, it is necessary to
estimate and to optimize these parameters. The defect strengthens are easier to estimate,
because the basis material is known and only the material of the inhomogeneities have to
be estimated. The depth of the defect can be estimated by varying this parameter by the
defect reconstruction. This optimization is carried out by minimizing the mean value of the
reconstructed defect.

If, for example, the depth within the psf in the defect calculation is varied, the reconstruc-
ted defect, as illustrated in figure 2c, is difficult to detect, especially if the signal is noisy.

3. Experimental configuration

For the experimental verification of the phofodiode

model-based calculations we prepared several ——— 1

well-defined samples and carried out investiga- GC%USHODﬁCd
tions under different conditions. moauiator

The experimental setup is shown in figure beomspliﬁerE
3. Herein, the detection schemes of both the
photothermal radiometry and the optical beam
deflection are realized. The thermal waves are
excited by a modulated argon laser. The beam Q
is tightly focused on the sample's surface
within a spot size of about 10 ym. In photo-
thermal radiometry (PTR) the variations of the —-@
surface temperature are monitored by a JT- %
cooled MCT-detector. When measuring the
optical beam deflection (OBD) the local ther-
mal response of the periodically heated solid is
detected by the deflection of a probe laser
beam while it crosses the air region above the
heated surface. The deflection is caused by
the temperature dependent variations of the
refraction index in this small air volume. Both .
the amplitude and the phase signals were L N Ty A > E—
imaged (simultaneously the radiometric and - .
OBD-signals) reconstructing the subsurface lockin-cmpifer

g g
features. The samples themselves are moun-
ted on computer controlled x-y-stages for
moving them relative to the detectors and the ;4 3. Configuration for photothermal experi-
laser beams. ments

reference frequency

4. Experimental results and reconstructions
4.1.Sample 1: Glass ball in tin

As the first sample to be presented, a glass ball (diameter appr. 1 mm) is embedded in
tin. The whole sample is covered with a thin layer of tin (= 100 yum) and polished. Thus,
the ‘thermal inhomogeneity’ in the sample remains completely invisible from the outer
surface. The sample has been scanned at several modulation frequencies. The ‘defect’
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could be clearly resolved in the amplitude and phase signals up to about 10 kHz. The
approach of the psf has been applied to the experimental results. The contrasts at two
different places (as indicated in figure 4-c) of the phase angle of the defect signal com-
pared with the phase signal of the undisturbed area are shown in figure 4-d. Obviously,
there are some indications that the contrast depends on the defect depths. The qualitative
conformity between the theoretical predictions and the experimental results illustrate the
relevance of the considered imaging model.
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Fig. 4a-4d: Glass ball in tin: scanned images: a) amplitude image, b) phase image, scanned area:
1.5 * 1.2 mm; c) design of the sample; d) contrasts at two measured points above
the defect

4.2 Sample 2: Gold disc in copper

A gold disc (as shown in figure §) with a diameter of 800 yum on a copper substrate
was covered by a galvanic deposited layer of copper with a thickness of about 10-30 ym.
The disc itself had a thickness of 2 um. The sample
was scanned over the whole area and inspected both
by the IR-detector and by the optical beam deflection.

The measured signal in figure 6a reflects the disc
shape with a camber of the edge (as a result of the
production process). The inner area of the measuring
signal shows a raise compared to the surrounding
region indicating the slightly different thermal parameters of the gold disc. The
reconstructed defect geometry in figure 6b shows a great similarity to the measuring

gold disc
Fig.5: Gold disc in copper substrate

signal, but the important parameter determined from the reconstruction is not directly

235




http://dx.doi.org/10.21611/qirt.1994.035

monitored in this figure: the obtained defect depth varies from 10-30 yum which corres-
ponds to the specification of the manufacturer.
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Fig. 6a-6b: Gold disc: a) scanned image (phase image); b) reconstructed defect with a determined
depth of 10-30 ym-

4.3.Sample 3: Copper wire in tin

scanned area

A copper wire with a diameter of 70 um was placed -

diagonally in a tin body (figure 7). The surface was
ground until the wire was visible, so the wire passes
the surface with an elliptic shape. An area including
the wire at the surface and the wire vanishing in the
depth was inspected.

The measured signal is illustrated in figure 8a and Fig. 7: Copper wire in tin
consists of two parts: the wire passing through the surface (right part of the signal
showing the immersion); the interesting part is in the left area displaying a raised area
which reflects the wire vanishing in the depth, decreasing signal with increasing depth of
the wire (from right to left). In the reconstructed defect geometry in figure 8b the
increasing depth of the wire is indicated by the increasing values in the left part; the
camber on the right side results from the wire to be seen at the surface.
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Fig. 8a-8b: Copper wire: a) scanned image {phase image); b) reconstructed defect

5. Conclusions

In this paper we presented after a brief survey of the theory of the point spread function
a procedure for the reconstruction of a measured defect distribution and its parameters like
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e.g. the depth of the defect. The theoretical predictions like frequency dependence and
determinability of defect depth and shape have been confirmed by several measurements.
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