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We present calculated photothermal contrast functions arising from lateral scanning of buried
stripe and disk-shaped deviations in thermal conductivity k. From the theoretical findings we
derive the measuring conditions in terms of the modulation frequency for which optimal
photothermal discrimination of subsurface thermal inhomogeneities can be achieved. The
theoretical results have been verified experimentally by measuring model samples, in which
localized inhomogeneities were embedded.

1.Introduction

Photothermal measurement techniques, developed in the last decade, use optically induced thermal waves
to detect scattering from thermal inhomogeneities inside opaque solids. Suitable techniques for defect
discrimination and localization are now available and can be realized for a wide field of technical
applications. These techniques also include photothermal imaging of hidden structures on a microscopic
scale.

Photothermal microscopic imaging has to be characterized by the resolving power and the measurement
contrast. In this paper we investigate the influence of the measuring conditions on definition and contrast
while imaging buried inhomogeneities. Based on the definition of the photothermal Point Spread
Function PSF [1] extended thermal inhomogeneities are described and the measurement contrast of the
amplitude and phase signal is analyzed. The theoretical contrast dependency on the frequency and the
defect depth is compared to experimental results found from suitably prepared model samples.

Once the photothermal PSF is known the object pattern can be reconstructed from the measured images.
To this finality, the measuring conditions for optimum photothermal discrimination of subsurface defects
have to be known. Results of inverting measured images by means of the photothermal PSF will be
reported in a further paper [2].

2. Theoretical description of photothermal imaging

In order to quantify the properties and the performance of photothermal imaging we introduced a
photothermal Point Spread Function in analogy to classical optics. This complex valued PSF describes
the image of a point-like thermal inhomogeneity which is localized at the depth z,, while scanning the
sample by means of a modulated, point-like heating beam. Obviously, the PSF depends on both the
defect depth z, and the modulation frequency f.

Under simplified conditions the PSF can be calculated analytically. First of all we assume the photother-
mal signal is proportional to the average surface temperature. This restriction can be fulfilled if the
detection spot diameter is large compared to the thermal diffusion length u. If the distortions of the
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thermal parameters k (thermal conductivity) and ec (heat capacity per unit volume) are small, i.e. the
deviations ak and a(pc) from the mean values k, and (oc), are small, we find the PSF for a surface ab-
sorbing sample nonuniformity.
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where A = ak/ky, B = a(oc)/(oc),, 0 = (1 + i)/u, p = (k/pcwf)"? and where r denotes the lateral
distance between the beam and the center of the thermalnonuniformity.

We suppose the layered spatial thermal inhomogeneity to have a distribution O(r, z,) = O(r)-8(z-z;). The
sample is scanned by a modulated, point-like heating beam. Apart from the spatially uniform signal S,
of the homogeneous sample we find a perturbated signal S in the surrounding of the buried thermal
nonuniformity, which can be described as S = §;, + AS. Keeping in mind the meaning of the PSF, the
relative signal deviation AS/S, is the convolution of the spatially dependent defect distribution O(r, z,)
and the photothermal PSF G(r, z,, #). When scanning laterally across the buried thermal nonuniformity,
one measures a spatial variation of the photothermal signal S. Photothermal techniques commonly use
vector lock-in amplifiers for measuring amplitude and phase. In terms of this approach we want to
describe the detectability of deviations in the thermal properties by means of the amplitude (K,) and
phase (K,) contrast functions defined in [3]:
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In the case of small deviations in the thermal parameters from the mean values, the contrast functions
are directly related to the relative signal deviation. Approximately it follows:

K, = Re[G(xy:z) ® O(xyzy)]
K, = Im[G(x,y,zo) ® O(x,y,zo)]

&)

K, and K, are the components of a complex valued function K = K, + iK, which represents the cont-
rast vector in the complex plane. The projections of this vector K on the axes correspond to the
measurable amplitude and phase contrast. Fig.1 shows the behaviour of the contrast function K in the
complex plane in dependence on the parameter Y = z,/u in the case of a point-like distortion, where u
is the thermal diffusion length. K(f) describes a closed curve about the origin in the complex plane,
passing through all four quadrants when f varies from O to infinity. K, and K, show extrema and zero
crossings at characteristic Y parameters, corresponding to characteristic modulation frequencies. For a
rough estimate the zero crossings of K, coincide with the extremes of K.

By mathematical convolution of the defect distribution and the PSF we are able to calculate photothermal
contrast images. As an example Fig.2 shows phase images of a disk shaped k-defect at different
modulation frequencies. From such calculations conclusions about the photothermal imaging features can
be drawn:
- There exist contrast extrema at characteristic modulation frequencies. These are different for phase
and amplitude contrast and for k- and pc-defects.
- The sign of contrast changes in dependence on Y. :
- Center contrast of disk shaped defects depends on defect radius R. The contrast follows the increase
in defect size until it approximates the extremum value at R = (2...4)z,. Further increasing R/z, does
not change the contrast value.
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- Due to the heat diffusion and thermal wave interference the photothermal images are blurred and
smeared. The edge definition Ax shows different values for amplitude and the phase contrast depend
ing on the measuring conditions, i.e. the images of buried structures are blurred differently in
amplitude and phase. In the neighbourhood of the contrast extremes Ax is about 1.8-z,.
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Fig.1 Generalized contrast function K for a point Fig.2 Calculated phase images of buried disk
defect and pointlike heating; parameter is Y in shaped defects; R/z,=5, top: Y=0.2, bottom:

steps of 0.05. Y=0.5

3. Experimental

We have experimentally verified the dependence of the contrast on the modulation frequency and depth
by photothermal measurements on specially prepared model samples. These are made of very thin
copper or platinum wires which are embedded in tin solder or lead blocks with polished surfaces. The
spatially resolved photothermal measurements were carried out by two different measurement techniques.
First we used a Mirage-interferometer, attached to a Laser-Scanning-Microscope [4]. Secondly, we used
a photothermal radiometric (PTR) setup equipped with a MCT detector which allows broadband IR-
detection in the 2-12 pm wavelength range. In both cases a focussed Ar* laser beam was used for the
excitation of the thermal waves. The two measurement techniques provided similar results while
scanning the sample, but the signal to noise ratio in the case of mirage interferometry was at least one
order of magnitude higher than that of PTR.

Fig.3 shows typical contrast scans across the sample surface at a distance between sample surface and
wire surface of about 50 um. These curves are derived from the measured photothermal line scans and
show considerable changes of the contrast above the defect at certain modulation frequencies. The
amount and the sign of signal deviation strongly depend on the modulation frequency. The signal is
superimposed with fluctuations which are only weakly frequency dependent. Because of the reproducible
localization of these fluctuations we suppose surface inhomogeneities to be the origin of them.

For comparing the calculated to the experimental contrast curves we consider the extreme values and the
zero crossings of amplitude and phase. We label the extreme values of the amplitude by Extr[K,;] and
of the phase by Extr[K ], the corresponding abscissa values by Extr{Y ] and by Extr[Y,], where i =
1,2,... is the number of the extreme. The zero crossings are labeled by Y, A, (amplitude) and by Y, ;
(phase). Different depths are denoted for instance by Extr[K,i(z,)] or by Y, (zs,). First we investigate
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the dependence of the signal contrast on the defect depth z,. For a copper wire in tin solder measured
at two different depths z01 and z02 we considered experimental abscissa ratios and contrast ratios of
certain points. The results are summarized in Tab.1. We want to emphasize the good agreement between
the calculated and the measured behavior of the contrast scans demonstrating the value of the PSF
concept in photothermal imaging.
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Fig.3 Measured amplitude and phase contrast scans across the "embedded wire" sample at different
modulation frequencies: 14 Hz (x), 340 Hz (+), 700 Hz (*), 6 kHz (a). The copper wire is
located at a scan position of about 200. The distance between the sample surface and the wire
surface is approximately 55 pum.

Table I: Comparison of calculated and measured characteristic abscissa and contrast ratios

R=40 pm ratio considered calculated measured
Extr{Y,] / Yo, 0.45 0.51
1210/1;5301.‘7[; Extr[Y ] / Yoo 1.05 0.97
Extr[K, ;] / Extr[K ,] 0.37 0.29
Extr[Y,.] / Y, 1 0.43 0.52
f{;; 9=60’_‘f{ Extr[Yal / Yo 1.13 1.08
Extr{K,,] / Extr[K,,;] 0.36 0.24
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