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Transverse photothermal deflection spectroscopy (PDS) is applied for the determination of
thermal diffusivitics of solid surfaces. The theory of PDS is briefly recalled and some
approximated analytical formulae concerning the transverse configuration are derived. In
materials where the thermal diffusivity is smaller than that of the air, the dependence of the
deflection angle on the displacement between pump and probe beams is shown to have a
minimum that relates to the thermal diffusivity, thereby allowing its straightforward
measurement. Measurements carried out on Al,O; samples with different porosities at room
temperature show a good agreement between experiment and theory.

When an intensity-modulated beam of electromagnetic radiation (pump beam)
impinges on an absorbing medium, heating will ensue. This time-dependent change
of the medium temperature gives rise to a corresponding modulated index of
refraction gradient which can be employed to deflect a probe beam travelling within
the sample (collinear configwration Fig. 1a), or near the sample surface (transverse
configuration Fig. 1b) [1]. This technique is usually indicated by the term
photothermal deflection spectroscopy (PDS). The deflection angle so obtained
depends on the thermal (diffusivity and conductivity) and optical parameters of the
absorbing medium (absorption coefficient and reflectivity at the pump beam
wavelength) [1], thereby allowing the PDS technique to be employed in the
determination of such parameters [2, 3].

As long as thermal parameters are concerned, by measuring the amplitude and
phase of the photothermal signal against the displacement between the pump and
probe beams, the thermal diffusivity can be determined [2]. Further, in materials
where the thermal diffusivity is smaller than that of the air, the transverse PDS
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Fig. 1 Pump and probe beams relative positions in PDS (Photothermal Deflection Spectroscopy):
a) collinear configuration; b) transverse configuration

signal plotted against the offset between the two beams shows a minimum that
relates directly to the thermal diffusivity.

In the present paper we briefly recall the basic formulae of PDS and derive some
approximated analytical expressions; we then show how the thermal diffusivity can
be easily measured in an absolute way, and give some examples of diffusivity
measurements on ceramic materials with various porosities.

Theory

The deflection angle is connected with the temperature gradient in the direction
perpendicular to the probe beam path by the relation [1]:

@ = (1ng)(@nfoT) | v, T(r, 1)ds )

path
which in the case of the PDS transverse configuration with ¥ = 0 (Fig. 2) becomes:
@ = (1/np)(@njdT) | (8T(r, 1)/02) dx 1

where n, and T, are the refractive index and temperature distribution of the
medium crossed by the probe beam, i.e. the air in transverse configuration, when no
heating occurs. Equation (1’) can be integrated once the temperature distribution is
determined by solving the heat equations:

V2To—(1/20)(8T,/01) = 0
V2T, — (/x0T /01) = — Q(x, D)/k, @)
V2T, — (1)1 )(0T,/0t) = 0
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Fig. 2. PDS transverse configuration: the probe beam travelling in air at a mean distance z, from the

sample surface is deflected by an angle @ when the sample surface is heated by a Gaussian pump
beam of radius a

with the boundary conditions:
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where 7;, y; and k; are the temperature, thermal diffusivity and thermal
conductivity of the i-th medium, respectively (i=0, 1, 2 see Fig. 2) and Q(r, ) is the
heat deposited per unit volume. Equations (2) apply provided that only the sample
is optically absorbing and all three media (air, sample and substrate) extend
indefinitely in the radial direction.

If the pump beam is modulated by a chopper at the frequency w, the heat
deposited per unit volume in the sample, and thus the probe beam deflection angle,

will oscillate at such frequency. For a sinusoidally-modulated Gaussian pump
beam of radius a:

Q(r, 1) = 2P(1 — R)a/(na)® exp (—az) exp (—2r¢/a*) exp (iwt)+c.c.  (3)

where P is the pump beam power on the sample of absorption coefficient a and
reflectivity R.

Equations (2), with the boundary conditioos (2') and 0 Q(r, f)ven by Eq. (3), lead
to the temperature distribution in 0 medium (air [1]:

To(r, 1) = (1/2) :f 0 dd Jo(6r)E(S) exp (— Boz) exp (iwt)+c.c. 4)
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with:
B = o +iwfy;
E(é) = ['(8)+ A(5)+ B(Y)
() = (Pa)exp [~ (da)*/8)/(n*k ) (BT —o?)
A) = —[(1—g)b—h)yexp (—al)+(g+h)(1+b)exp (B, I ()/H(S)
B(d) = —[(1+g)(b—h)exp (al) +(g+h)(1—=h)exp (=B, DI (3)/H(3)
H(0) = (1+g)(1+b)exp (B, 1)~ (1 —g) (1 —b)exp (— B, 1)
g =koPolkiBi: b =kyB kB h= o/,

Therefore, the sample surface temperature T, (r, 1) = Ty(r, t) becomes:
T(r, 1) = (1/2) | 38 Jo(0r) E(3) exp (iwt) +¢.c. (5)
Q)

Equation.(5) can be integrated in two approximations: 1. thin sample, 2. thick
sample. Letll be the sample thickness and /; its thermal diffusion length,

Iy = (2x,/®)Z. By a thin sample, we mean

al<l; I<l;
i.e. both optically and thermally thin, while for a thick sample the reverse applies,
namely:

al>1; Il
Further, for each approximation two different cases are taken into account:

) Iy»a
i) Ir<a

where a is the 1/e? radius of the Gaussian pump beam. To achieve case i), a focussed
pump beam and/or a high thermal conductivity of the sample and/or a low chopping
frequency w is needed, whereas case ii) requires the opposite conditions.

Table | gives temperature amplitudes of the sample surface calculated from Eq.
(5) with the above-mentioned approximation. Table 2 gives deflection angle
amplitudes calculated from Eqs (1) and (4) with the same approximations as
employed in Table 1. The linear behaviour with pump beam power P and the non-
dependence on chopping frequency w for /> a should be noted.
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Experimental set-up

The experimental set-up for transverse PDS is outlined in Fig. 3.

He - Ne

P H
wme O___’ _______ '—-O-"—":S
beam H

Fig. 3 Experimental set-up for transverse PDS: the pump beam modulated by a chopper C and focussed
by lenses L ; and L , impinges on the sample S where the He-Ne laser probe beam is focussed

before reaching the detector D

The pump laser is a cw CO, laser and the detector a Si-photodiode with its
sensitive surface half shut. By aligning the probe beam and the detector so that
only half the intensity of the probe beam enters the detector when no heating occurs
(#=0), a beam displacement is seen by the detector as an intensity change of the

beam itself.
The probe beam intensity has the following radial behaviour:

I(r) = I(0) exp (= 2r*/w?})

for a Gaussian beam, where w, is the beam radius at the detector and I(0) its
intensity at the centre of the spot. When no heating occurs, the half-intensity of the

probe beam is:
Io = | 16 dr = (1)2)(x/2)% w,1(0)
0

The intensity variation 47 corresponding to a displacement Ax of the beam at the
detector is:

Allly = (L) | 1(r) dr = exf (/2 Axjws) (6)

J. Thermal Anal. 32, 1987



SUBER et al.: PHOTOTHERMAL DEFLECTION SPECTROSCOPY 1045

!
'(Ax),
]
™
1\
BN
Al \
/ ! \
’ ! N
/ ) ~
- t Detector
|
I
i
I
!
|
e
I
| d
i
{
i
!
I
|
!
I Sample
" surface

Fig. 4 Signal detection: a position displacement Ax of the probe beam intensity maximum at the
detector is seen by the detector as an intensity change of the beam itself. Continuous curve: probe
beam Gaussian profile at the detector when no heating occurs; dashed curve: the same profile
when the beam is deflected by an angle @. w, is the probe beam radius at the focal spot and d the

detector distance from the sample surface

For z<1, erf(z) ~ 2z/ﬁ and consequently for 4x<w, Eq. (6) becomes:

i
Alll, = 2(2/n)2 (Prwgng/A)
with Ax = ®d(Fig.4), where dis the distance between the detector and the centre of
the sample where the probe beam is focussed, and:
w, ~ Ad/mwgn,

with w, the radius at the focal spot and 4 the probe beam wavelength. Therefore, the
photodiode signal AV is connected with the deflection angle @ by the relation [1]:

AVIV = Al = 2(2/n)§(nwon0/,1)¢

which is independent on sample distance d.
To optimize the photothermal signal, the probe beam must travel as near as

possible to the sample surface. This situation is outlined in Fig. 5, where the probe
beam offset from the sample z, is given by:

2o = wird f

Q)
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Fig. § The z, parameter. z, can be evaluated by simple geometrical considerations. w, is the radius of
the Gaussian probe beam before being focussed by a f focal length lens on the sample of radius r,

where w, is the probe beam radius in front of the ffocus lens that focusses the beam
on the sample, and r, is the sample radius.

Finally, the detector output is connected both to a lock-in amplifier and to an
oscilloscope to visualize the photothermal signal.

Thermal diffusivity measurements

Besides the thermal diffusivity y,, the deflection angles in Table 2 depend on
other parameters of the sample, such as the reflectivity R, the absorption coefficient
at the pump beam wavelength a and the thermal capacity gc or thermal conductivity
ky as x; = ky(ec).

For materials of unknown optical and thermal parameters, the. thermal
diffusivity can be determined as follows. If the displacement between the pump and
probe beam intensity maxima is denoted by y,, the simplest way to write the
temperature distribution on the sample surface at a distance y, from the pump
beam spot centre is as follows [2]:

T(r, 1) = Toexp (— yo/lr) cos (wt— yo/lr) @®)

where Ty, = T (x, y, = 0,z,¢ = 0). In Eq. (8) y,is involved both in the amplitude of
the temperature wave as an exponentially decreasing term, and in the phase as a
delay term. Thus, the deflection angle will be (see Eq. (1')):

& = (1/n)(@nfoT ) exp (~ polly) cos (i yolly) | (0Tofdz)dx =

®
= @ exp (— Yo/lr) cos (wt — yo/lr)
with @, = &(x, yo =0, z, t = 0).

For x; < 1o, the absolute value of the in-phase signal of Eq. (9) with resg zct to y,
has the general behaviour shown by the continuous curves in Figs 6a) and b). Note
that for high y, ;i.e. for y; > x¢, the second maximum due to the heat released by the
previous energy pulse and still trapped in the sample disappears [1]. Further, the
minimum between the two maxima directly relates to x, :

2 = Qo/m?) (g (10)
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Fig. 6 Signal vs. off-axis displacement between pump and probe beams for Al,0, samples of different
porosity. Experimental points and theoretical behaviour: a) 51% porosity; b) 62% porosity

In order to test the method, sintered Al,0; samples were employed. The CO,
laser power on the sample was 50 mW, with a spot radius of 200 um, while the probe
beam focal spot radius was 20 um. The temperature increase of the sample surface
was estimated to be a few degrees. The displacement between the pump and probe
beams was obtained by transversally moving the pump beam focussing lens, while
leaving the probe beam travelling vertically near the sample surface unchanged.
Figures 6a) and b) show the measured PDS signal against y, for Al,O, samples of
51% and 62% porosity, respectively. The continuous curves in the same Figures

J. Thermal Anal. 32, 1987
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Fig. 7 Thermal diffusivity against porosity in Al,O;: (W) our measurements; (a) R. Taylor
measurements [4]

were obtained from the in-phase absolute value of Eq. (9) by fitting the central
maximum and taking for the thermal diffusivity the values of 0.026 and
0.009 cm?/s, respectively, which are derived from Eq. (10) with the experimental
values of y3". It should be noted that in Fig. 6a) the experimental points are in good
agreement with the theoretical curve, while this is not true for Fig. 6b). A possible
explanation of this behaviour is that in this case Ip = (2x,/w/"* = 120 pm
(@ = 20 Hz) and for I <a(a = 200 um) the temperature-dependence on y, can no
longer be factorized as in Eq. (8) and the Gaussian profile of the pump beam should
be taken into account. In Fig. 8, the thermal diffusivity is given against porosity for
three Al,O; samples with porosities of 3%, 51% and 62%. The same Figure also
reports two more values of thermal diffusivity measured by Taylor [4] for Al,O,
samples with porosities of 15% and 25-30%. Direct comparison of the values of
thermal diffusivity we obtained and those reported in the literature is difficult,
because of the differences in the preparation and in the porosity of the Al,O,
samples. This can be seen in Table 3, where Al,O; thermal diffusivity measurements
are given at room temperature, together with a few remarks about the sample
preparation, porosity and particular method of measurement employed.

The error in the measured value of the thermal diffusivity can be estimated to be
no more than 10%, which is due mostly to intensity fluctuations of the CO, pump
laser, whereas the contribution to the error due to the indetermination of y, can be
evaluated to be within 2%.

J. Thermal Anal. 32, 1987
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Table 3 Thermal diffusivity measurements of aluminium oxide (Al,05) at room temperature

Thermal Tempera-
diffusivity, ture, Remarks*

cm?/s K

0.0830 298 a); pure; specimen a few mm’s thick; extruded; plated with Hancvia
Platinum Bright (No. 05); density 3.834 g cm™3; high intensity, short
duration, light pulse from Xe flash lamp absorbed in the front surface of
thermally insulated specimen; thermal diffusivity determined from
measured temperature history of the rear surface.

0.0687 293 a); pure; specimen a few mm’s thick; pressed; plated with Hanovia
Platinum Bright (No. 05); density 3.914 g cm~3; heating source and
thermal diffusivity determination as above.

0.093 298 a); specimen composed of three pieces; middle piece separated from
bottom piece and upper piece by two 0.005 in. thick chromel sheets
forming the heater; diffusivity determined from measured ratio of the
temperature rises of the heat source and sink; density 3.04 g cm™3;
unidimensional heat flow.

0.114 298.2 a); 15% porosity-dense; measured mean density 3.23 g cm ™ 3; temper-
ature of measurement not given by the author but assumed to be room
temperature; heat pulse method used to measured diffusivity; cylindrical
specimen 0.25 in. in diameter and 0.5 in. long.

0.058 298.2 a); 25-30% porosity; extruded or slip cast; measured mean density 2.86 g
em~3; other conditions same as above.

0.091 298.2 a); 1.9 cm in diameter and 0.1 to 0.3 cm thick; density 3.51 g cm™3.

0.0736 295 a); 8 mm in diameter and 2 to 5 mm thick.

0.119 298 b); 99% pure; sintered; 3% porosity; mean density 3.1 gcm~3;2 cmin
diameter and 0.5 cm thick; diffusivity determined from PDS method.

0.026 298 b); 99% pure; sintered; 51% porosity; mean density 1.6 g cm~3; 2.7 cm
in diameter and 0.5 c¢m thick; diffusivity determined from PDS method.

0.009 298 b); 99% pure; sintered; 62% porosity; mean density 1.2 g cm™3;2.7 cm

in diameter and 0.7 c¢m thick; diffusivity determined from PDS method.

* a) see Ref. [4], b) this work.

Conclusions

In this paper the PDS technique was applied for determination of the thermal
diffusivity of solid surfaces. The thermal diffusivities of Al,O; samples with
different porosities were determined and seemed to match the values reported in the

J. Thermal Anal. 32, 1987
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literature, although a strict comparison is difficult because of the variations in the
preparation and porosity of the Al,O; samples.

Finally, it is interesting to compare PDS briefly with the method most often
employed for thermal diffusivity measurements, i.e. the “flash” method (rear face
monitoring) [5, 6]. This latter method has been employed for over 20 years, during
which it has undergone many improvements concerning the formulation of a more
“realistic” theory where actual measurement conditions are taken into account.
For example, the theory of the “flash” method applied for a Dirac pulse and for
samples absorbing optical radiation at their surface, so that effects due to the
finite duration of the laser pulse and to the optical transmission of laser radiation
through the sample must be considered. As ceramic materials often show optical
transmission, in the “flash™ method they are usually coated with a film of a well-
conductive material, such as platinum, that involves a possible imperfect contact at
the interface. In contrast, neither the finite duration of the laser pulse nor optical
transmission through the sample obviously affect PDS. The lack of such effects
prove the use of the PDS method for thermal diffusivity measurements, especially
in relation to ceramic materials.
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Zusammenfassung — Die transverse photothermische Reflektionsspektroskopie (PDS) wird zur

Bestimmung der thermischen Diffusivitdt von festen Oberfldchen herangezogen. Die Theotie der PDS
wird kurz dargelegt und einige sich auf die transverse Konfiguration beziehenden analytischen
Niherungsgleichungen abgeleitet. Es wird gezeigt, dafl bei Materialien mit kleinerer thermischer
DifTusivitit als Luft die Abhédngigkeit des Deflektionswinkels von der Ablenkung zwischen Pumpen-
und Probenstrahl ein Minimum aufweist, das mit der thermischen Diffusivitit im Zusammenhang steht
und somit deren zuverlissige Messung ermdglicht. An Al,O;-Proben unterschiedlicher Porositdt bei
Raumtemperatur ausgefithrte Messungen zeigen gute Ubereinstimmung von Experiment und Theorie.

Peiome — POTOTEpMHUECKAS CIEKTPOCKOMNHS IONEPEYHOro OTKIOHenHA Oblla HCNOJIB30BaHA A1A
onpeneseHus TepMHYECKHX KoadipuumeHTo Anddysnn TBEpABIX MOBEPXHOCTEH. B kpaTtkoii dopme
UpHBEAEHa TEOpHA (OTOTEPMHYCCKOH CIEXTPOCKONHM IIONEPEHHOro OTKIOHEHHA X BBIBC/CHBI
HEKOTOpblE NPUGIMKEHHBIE aHATMTHYECKHE (POPMYJIBI, Kacaiouuecs nonepedHoll konpurypanuu. B
Cllydae BEIECTB, IS KOTOPBIX TEpMHueckuil kospduunenT mupdysnu MeHblle, Yem Ui BO3NyXa,
3aBHCAMOCTD YI/1a OTKJIOHEHHS OT CMELUEHHUS MEXTY J1yIOM HAKAYKH U HPOGH 0Ka3bIBACT MUHHMYM,
4TO CBA3aHO C TepMHYeckuM KodhQuuuenToM mubdysun u TaKuM o6Gpa3oM npeacTaBafeTCA
BOIMOXHOCTB €r0 IPAMOTC W3MepeHus. MisMepenus, NPOBe/IeHHbIE NPH KOMHATHOH TeMIEpaType ¢
o6pa3snaMi OKHCH aNIOMHHHA Pa3MYHOM MOPHCTOCTH, TOKA3AIM XOpOLIee COBHANEHHE MEXIY
TeopHeH H IKCIEPUMEHTOM.
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