Int J Thermophys (2012) 33:1876-1886
DOI 10.1007/s10765-012-1264-3

Simultaneous Measurement of Thermal Diffusivity
and Optical Absorption Coefficient of Solids Using
PTR and PPE: A Comparison

R. Fuente - A. Mendioroz - E. Apiiianiz -
A. Salazar

Received: 10 January 2012 / Accepted: 17 July 2012 / Published online: 17 August 2012
© Springer Science+Business Media, LLC 2012

Abstract Modulated photothermal radiometry (PTR) and a modulated photopyro-
electric (PPE) technique have been widely used to measure the thermal diffusivity
of bulk materials. The method is based on illuminating the sample with a plane light
beam and measuring the infrared emission with an infrared detector (PTR) or the
electric voltage produced by a pyroelectric sensor in contact with the sample (PPE).
The amplitude and phase of both photothermal signals are recorded as a function
of the modulation frequency and then fitted to the theoretical model. In this work,
we compare the ability of modulated PTR and PPE to retrieve simultaneously the
thermal diffusivity and the optical absorption coefficient of homogeneous slabs. In
order to eliminate the instrumental factor, self-normalization is used, i.e., the ratio of
the photothermal signal recorded at the rear and front surfaces. The influence of the
multiple reflections of the light beam and the transparency to infrared wavelengths
are analyzed. Measurements performed on a wide variety of homogeneous materials,
transparent and opaque, good and bad thermal conductors, confirm the validity of the
method. The advantages and disadvantages of both techniques are discussed.
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1 Introduction

Modulated photothermal radiometry (PTR) consists of illuminating the sample by an
intensity modulated light beam and detecting the oscillating component of the tem-
perature rise by means of an infrared detector connected to a lock-in amplifier [1].
In turn, the modulated photopyroelectric (PPE) technique records the electric voltage
produced by a pyroelectric sensor in contact with the sample [2,3]. As the temperature
rise of the sample depends on its thermal properties, modulated PTR and PPE have
been widely used to measure the thermal diffusivity of a large variety of materials
[4-6].

Moreover, some photothermal techniques (photoacoustic spectroscopy or the
mirage effect) have proven to be very reliable for the purpose of measuring the optical
absorption coefficient of gases, liquids, and solids. These techniques compete with
success against optical techniques in the extreme cases of weakly or highly absorbing
materials [7-9].

In modulated PTR and PPE with plane illumination, the amplitude and phase of the
photothermal signal is recorded as a function of the modulation frequency and then
fitted to the theoretical model. However, normalization procedures are needed in order
to suppress the instrumental factor, i.e., the dependence of the detection electronics
on frequency. Among the different normalization procedures, we have selected the
self-normalization method (which consists in dividing the PTR signals recorded at
the rear and front surfaces [10]) since it provides the highest signal-to-noise ratio and
amplitude and phase contrast.

The aim of this work is to compare the ability of modulated PTR and PPE to retrieve
simultaneously and accurately the optical absorption coefficient («) and the thermal
diffusivity (D) of homogeneous slabs. First, we have studied the theory of PTR and
PPE signal generation, including some additional effects such as the multiple reflection
of the exciting light beam at the sample surfaces and the transparency of the sample to
IR wavelengths. Then we have performed modulated PTR and PPE measurements on
a wide variety of materials: from opaque to transparent and from good to poor thermal
conductors. The advantages and drawbacks of both techniques are discussed.

1.1 Theory

In this section we discuss the photothermal signal generation in the case of free stand-
ing semitransparent slabs. We consider ideal conditions: (a) absence of heat losses to
the surrounding media, (b) absence of internal reflections of the exciting light beam
inside the slab, and (c) no light diffusion inside the sample.

1.2 PTR Signal

Let us consider a semitransparent slab of thickness L, illuminated by a light beam of
wavelength A, and intensity I, modulated at a frequency f(w = 27 f). The geome-
try of the problem is shown in Fig. 1. According to the Beer—Lambert law, the light
intensity inside the sample in the front and back configurations are given by Ifont
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Fig.1 Scheme of the generation of the PTR signal corresponding to a semitransparent slab illuminated by
a modulated light beam

(z) = Iy (1 — R) €%%, Ipaek (z) = Io (1 — R) e @G+L) where R and « are the optical
reflection and absorption coefficients of the slab at the wavelength of the light beam,
respectively. By solving the heat diffusion equation with adiabatic boundary condi-
tions, the oscillating component of the temperature is obtained [11]:

Io (1 = R) o2
T ) = ——F5 v
front (2) 2Kq (q2 — O[2)
B (e—aL _ eqL) ed? 4 (e—DlL _ e—qL) e~ 9% 4 % (eqL _ e—qL) %
L omdL , (1a)
Io (1 — R)a?
Ty ) = ———F5 v
back (2) 2Kq (112 — az)
- (e_"‘L _ eqL) e—q(+L) 4 (e—aL _ e—qL) IGHl) 4 4 (eqL _ e—qL) e—a(z+L)
edl — e—qL ’
(1b)

where ¢ = /iw/D is the thermal wave vector and K is the thermal conductivity of
the sample.

If the sample is opaque to IR wavelengths, the PTR signal is proportional to the
sample surface temperature oscillation Sprr o T (0) [12]. Accordingly, the self-nor-
malized PTR signal is given by

SprRa — SetR.back _ Thack(0) @ —e " [acosh (¢ L) + gsinh (¢L)]
. SPTR. front Ttront (0) acosh (gL) — gsinh (gL) — ae—l

@)

As can be seen, the self-normalized temperature depends on L/+/D and on
aL, but does not depend on K. Therefore both o and D can be retrieved
simultaneously.
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Fig. 2 Scheme of the generation of the PPE signal corresponding to a semitransparent slab illuminated by
a modulated light beam

1.3 PPE Signal

Now we consider the same slab as before, but in contact with a pyroelectric plate
by means of a thin coupling fluid layer. Both the fluid and the pyroelectric are trans-
parent to the light wavelength. The geometry of the problem is shown in Fig. 2.
The PPE signal is proportional to the average temperature of the pyroelectric plate,

Sppe o (Tp) = Llp :((LLILL:J)F L) Tp(z)dz [13]. Subscripts f and p correspond to fluid

and pyroelectric sensor, respectively. By solving the heat diffusion equation for each
layer, the self-normalized PPE signal is obtained:

SopE.n = SpPEback  (Tplpack @ — €L [arcosh (g L) + gsinh (g L)] 3)
7 SPPE.front <Tp)fmrlt acosh (gL) — gsinh (gL) — ae™@L

Note that SppE.n = SpTR.n = S, 1.€., both techniques can be applied in the same
way to extract information on the thermal and optical properties of semitransparent
samples.

1.4 Discussion

Three main cases can be distinguished: (a) If the slab is opaque (0L — o0) and
thermally thick (gL — 00), Egs. 2 and 3 reduce to S, ~ 2¢~7 . indicating that both
the natural logarithm of the amplitude of the self-normalized PTR and PPE signals,
In(|Sy|), and their phase, ¥ (S,), are parallel straight lines when plotted against v/ f,
with the same slope m = —L+/7/D. This equation provides a well-known method to
measure the thermal diffusivity of opaque slabs [14]. (b) If the sample is transparent
(oL —0), Eqgs. 2 and 3 reduce to S, =~ 1, so that no information on the thermal and
optical properties of the sample can be retrieved. (c) For semitransparent samples,
the frequency scan of the self-normalized photothermal signal S, must be fitted to
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Fig. 3 Calculations of In(|Sy|) and ¥ (Sy) as a function of /f for a glass slab 0.5 mm thick (D =
0.5 mm?2- s*l). Three absorption coefficients have been considered: (a) opaque material (0 — 00), contin-
uous line; (b) transparent material (o« — 0), dashed line; and (c) semitransparent material (o« = 8 mm_l),
dotted line

Egs. 2 or 3. The three cases are shown in Fig. 3 , where calculations have been per-
formed for a glass slab (D = 0.5 mmz-s_l) 0.5 mm thick.

Numerical calculations indicate that a sample behaves as transparent when oL <
0.8, and as opaque when oL > 10. Between these values the sample is semitranspar-
ent and therefore both D and « can be retrieved. Even though that range seems very
restrictive, it corresponds to optical transmissions ranging from 0.5 to 4 x 107, i.e.,
five orders of magnitude.

Now we address the issue of whether D and « are degenerate. Let us define g, a
residual function, as follows:

2

) “

N
1
gD, a) = z Z:‘ |Sn,theory (Da «, fj) - Sn,mcasured(fj)
j=

where Sy measured 18 the experimental value of the self-normalized photothermal signal
(amplitude or phase) at a frequency f; and Sy theory is the theoretical value at that
frequency, calculated by means of Eqs. 2 or 3. The sum runs over all N modulation
frequencies of the experiment. Now, the determination of D and « is reduced to finding
the set of parameters that minimizes g. To visualize this function, we show in Fig. 4
its contour plot for a glass sample of 0.5 mm thickness (D = 0.5mm?-s~! anda = 3
mm™1). Sn.measured has been simulated by adding a 2 % random error to the calculated
value of Egs. 2 or 3. As can be seen, a clear minimum of g (the cross in Fig. 4) arises
indicating that D and « are not degenerate and, therefore, they can be retrieved using
the appropriate inversion algorithm.

2 Additional Effects

Now we study some additional effects that modify the photothermal signal recorded
by the infrared detector and/or by the pyroelectric sensor.
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Fig. 4 Simulated contour plots of the residual function g for a semitransparent glass sample 0.5 mm thick
(D=0.5 mm2-s~lando =3 mm_l)

2.1 Multiple Reflections of the Light Beam

If the incident light crossing the semitransparent sample reaches the rear surface before
vanishing, it will be reflected back and forth contributing to an increase in the sample
temperature in PTR experiments and the average temperature of the pyroelectric sen-
sor in PPE experiments. Numerical calculations indicate that the effect of the multiple
reflections of the light beam is significant only for samples witha L < 2[15]. Anyway,
it must be taken into account in order to retrieve accurate o and D values.

2.2 Transparency to Infrared Radiation

This effect only affects PTR measurements. Equation 2 is based on the assumption
that the PTR signal is proportional to the sample surface temperature, i.e., the sample
is opaque to IR wavelengths (in the case of HgCdTe detectors from 2 um to 12 um).
This condition is fulfilled by metals and alloys, but not for most glasses and polymers.
Actually, the visual appearance is not a reference to predict the infrared behavior. For
instance, Ge is opaque to visible wavelengths, but completely transparent above 2 pum.
As a consequence, it is necessary to evaluate the influence of the transparency to the
infrared wavelengths on the measured voltage. If the sample is semitransparent to the
infrared spectrum, the signal recorded by the infrared detector comes not only from its
surface, but from the inner volume. If we define § as the effective infrared absorption
coefficient for the sample (averaging the sample behavior from 2 wm to 12 wm), the
signals recorded by the IR detector in the front and back configurations are [16]

0

SPTR, front/back X / lgeﬂZ Ttront/back (2) dz, (5)
—L

where Ttront(z) and Thack (z) are given by Eq. 1. The self-normalized PTR signal is
given by
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SPTR, back
SPTRn = ————. (6)
SPTR, front

An analytical expression for Sptr. is obtained, which remains unchanged when
exchanging the o and g values. This is the main limitation of the PTR technique
to extract the thermal and optical parameters of solids. This issue can be overcome by
performing several PTR measurements on the same sample, using heating lasers of
different wavelengths for each measurement. This procedure would give different «
values while the § value would remain constant.

Finally, note that the accurate retrieval of D and « using the PTR technique requires
combining both effects: multiple reflections of the light beam and transparency to
infrared radiation.

3 Experimental Results and Discussion

The experimental PTR setup is described in Ref. [15]. A solid-state laser beam (A =
532 nm, 7 W), modulated by an acousto-optic modulator, was used to heat the sample.
The beam was expanded to a diameter of 1 cm to guarantee 1-D heat propagation.
Using plane mirrors, the laser was sent to the front or to the rear surface of the sample.
The infrared radiation emitted from the sample was collected by an off-axis parabolic
mirror system and detected by a HgCdTe sensor (2 wm to 12 m). The voltage pro-
duced by the detector was amplified and then fed into a digital lock-in amplifier. A
Ge window, which is opaque for visible wavelengths but transparent above 2 pm,
is usually placed in front of the detector to prevent the green light of the laser from
reaching the IR sensor. However, in this work a Ge-based spectral filter was used to
reduce the transmission region of the detector (5 wm to 12 pm).

In the PPE setup the samples are placed on top of a LiTaO3 pyroelectric crystal 0.5
mm thick. Indium tin oxide (ITO) electrodes are sputtered on both sides of the pyro-
electric crystal. A very thin silicone grease layer, which is transparent to visible light,
is used to assure the thermal contact. A diode laser (A = 656 nm, 50 mW) has been
used as the heating source. Its intensity is modulated by a periodic current managed
by the computer and serving as the lock-in reference. Using a beam splitter, the laser
beam is directed to the sample (back configuration) or to the pyroelectric crystal (front
configuration). The PPE current produced by the detector has been fed into a digital
lock-in amplifier.

In order to compare the ability of modulated PTR and PPE to characterize the
thermal diffusivity and the optical absorption coefficient of solid slabs, we have per-
formed measurements on a wide set of samples. First, we have measured opaque
samples covering a wide range of diffusivities: rigid graphite, Ni, SiC (38 % poros-
ity), vitreous carbon (Sigradur G), and carbon fiber reinforced (CFR) composite. In
Table 1 we show the retrieved thermal diffusivities, which are in good agreement with
the literature values.

We have also studied two optical filters of different optical absorption coefficients:
a neutral density (ND) filter from Edmund Optics and a neutral density filter from
Schott (NG 1). They are opaque to IR wavelengths above 5 wm. For each one we
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Fig. 5 Experimental values of In(|Sy|) (dots) and ¥ (Sy) (crosses) for three samples of the same neutral
density filter (ND from Edmund Optics) but with different thicknesses. Continuous lines are the fits to
Eqgs. 2 or 3

have taken data on samples of different thicknesses in order to verify the self-consis-
tency of the retrieved values. The experimental results for three different thicknesses
of the ND filter are shown in Fig. 5. Dots correspond to the natural logarithm of the
amplitude In(|Sy,|) and crosses for the phase ¥ (Sy). The continuous lines are the fits
to the model, including the multiple reflections of the light beam. As can be seen,
PTR data are noisier than the PPE ones due to the smaller signal-to-noise ratio. This
happens even though we use a 7 W laser for PTR measurements and a 50 mW laser
for PPE measurements. The retrieved values of D and « are shown in Table 1. For
each filter, the same D and « values are obtained within the experimental uncertainty
(5 %) regardless of their thicknesses, confirming the reproducibility of the method.
The retrieved « of each filter agrees with the value measured with a Cary spectrom-
eter. The difference of o values obtained from PTR and PPE techniques is related to
the different laser wavelengths used for the illumination (532 nm and 656 nm).

In addition, we have measured two metallic oxides, LaMnQO3 and Cr, O3, that are
completely black, i.e., opaque to visible wavelengths, but semitransparent to IR wave-
lengths. Using the PPE setup, we have obtained parallel straight lines when represent-
ing In(|Sppg.n|) and ¥ (Sppg.n) against +/f. From their slopes we obtain the thermal
diffusivity. However, PTR measurements show the influence of the transparency to
IR wavelengths. By fitting the In(|Sppg,n|) and ¥ (Sppg,n) data to the complete model
we have retrieved D and . Results are shown in Table 1. As can be seen, D values
obtained from the two photothermal techniques are consistent within the experimental
uncertainty.

Finally, we address the question of which (PTR or PPE) is the most appropriate tech-
nique to measure the thermo-optical properties of solid samples. The main advantage
of the PPE technique is its high signal-to-noise ratio. In this way, power excitations
of a few mW provide quasi-noise free signals while power excitations of the order
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Table 2 Comparison of the advantages (capital letters) and limitations (lower-case letters) between PTR
and PPE techniques

PTR PPE

Low signal-to-noise ratio HIGH SIGNAL-TO-NOISE RATIO

Laser intensity (W - m~2) LASER INTENSITY (mW - m~2)

BIG SAMPLES Small samples (<1 cmz)

NON-CONTACT TECHNIQUE Contact technique

Extended light beam EXTENDED OR FOCUSED LIGHT BEAM
Influence of IR transparency INSENSITIVE TO IR TRANSPARENCY

of watts are needed in PTR measurements. Low power excitation means small ther-
mal gradients inside the sample and therefore PPE is specially suited to characterize
the thermal properties of phase transitions. On the other hand, the transparency of the
sample to IR radiation complicates the analysis of the PTR signal. The main drawback
of the PPE method is that it is a contact technique valid for small samples (<1 cm?),
while PTR is a contactless technique allowing in situ measurements of big samples
in industrial environments. Another interesting question is that large spots have to be
used in PTR measurements in order to guarantee 1-D heat propagation. On the con-
trary, PPE measurements are independent of the light spot size since the pyroelectric
voltage is proportional to the average temperature of the sensor [17]. In Table 2 we
summarize the advantages and limitations of both photothermal techniques. We can
conclude that both techniques are complementary and should be used alternatively
depending on the characteristics of the sample to be measured.
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