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Normalized photoacoustic techniques for thermal diffusivity measurements
of buried layers in multilayered systems

J. A. Balderas-López,a) A. Mandelis, and J. A. Garcı́a
Photothermal and Optoelectronic Diagnostics Laboratories (PODL), Department of Mechanical and
Industrial Engineering, University of Toronto, 5 King’s College Road, Toronto, Ontario M5S 3G8, Canada

~Received 7 February 2002; accepted for publication 25 June 2002!

The one-dimensional heat diffusion problem for a three-layer system is solved assuming the surface
absorption model. The analytical solution is shown to be suitable for the implementation of
normalized depth-profilometric photoacoustic methodologies involving the open photoacoustic-cell
configuration for thermal diffusivity measurements in buried underlayers within a three-layer stack.
Our normalization procedures eliminate the frequency-dependent instrumental electronic
contribution ~transfer function! and some thermophysically nonrelevant proportionality factors in
the theoretical equations, thus making the depth-profilometric analysis feasible. The measurement
methodology is achieved by normalizing the theoretical photoacoustic signal from the three layers
with the corresponding signal from the uppermost two layers, involving linear fits to measure the
thermal diffusivity of the third underlayer. Three different multilayered materials were examined
using the proposed methodologies. High reproducibility of the thermal diffusivity measurements
and good agreement with values reported in literature were found. Besides the foregoing procedures,
a lumped photoacoustic model was developed, which yields the effective thermal-diffusivity value
of the multilayer stack. ©2002 American Institute of Physics.@DOI: 10.1063/1.1500784#
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I. INTRODUCTION

Photothermal ~PT! techniques have become popul
measurement methodologies for thermal and optical cha
terization of solids and liquids.1–10Among the various types
of PT techniques the photoacoustic~PA! method is widely
used for carrying out thermal diffusivity measurements
solids.4–10 The transmission PA configuration involving th
surface absorption model is generally used for t
purpose.5–10 The main assumption in the surface absorpt
model is that the light is absorbed within an infinitesim
depth compared to the thermal diffusion length inside
sample. The analytical equation for the PA signal result
from this model contains the optical absorption coefficient
the medium only as a linear proportionality factor, which c
be subsequently eliminated by an adequate normaliza
procedure. This is in contrast to the nonlinear dependenc
the optical absorption coefficient of the equations result
from the use of distributed optical absorption, such as
Beer–Lambert model. Moreover, when the surface abs
tion model is used, the transmission of the thermal wa
across the sample is exponentially damped with the ther
diffusion length in the medium as the characteristic damp
distance~skin depth!, thus allowing accurate measuremen
of the thermal diffusivity. Unfortunately, the application o
the surface absorption model is strictly limited to metal
and other highly opaque absorbers. Therefore, when
method is applied to the thermophysical characterization
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single-layered dielectric materials, it becomes necessar
attach a metal cover layer on top of the sample. The situa
becomes more complicated in the case of a bilayer mate
Therefore, practical use of PA techniques in the character
tion of dielectric material thermophysical properties requi
consideration of a multilayer model with an opaque thin-fi
overlayer. In literature, several generalized theories dea
with thermal-wave diffusion across multilayered materia
have been reported,11–13 however, they have found limited
application for practical thermal characterizations due
their apparent complexity: They either assume distribu
optical absorption12,13 or are multidimensional, so that solu
tions are given in integral mode.13 With simplification in
mind and for purposes of clarity, in this article, the on
dimensional heat diffusion theoretical model for a three-la
solid stack with a harmonic surface heat source is solved
one-dimensional theoretical expression for the photother
signal is explicitly derived and it is shown to be useful t
ward the implementation of signal-normalized methodo
gies for depth-profilometric thermal diffusivity measur
ments on single- and two-layer dielectric solids embedde
three-layer stacks. Although data normalization in PT te
niques is commonplace, especially for photopyroelectric a
radiometric techniques,14,15 its implementation for open PA
cell ~OPC! methodologies is relatively new.10 Data normal-
ization in PA techniques is very useful: Through it, the i
strumental electronic frequency response~transfer function!
and some other nonessential frequency-independent sig
related proportionality constants~especially when only sur-
face absorption is involved! can be conveniently eliminated
Therefore, the number of required known-parameter input

,
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reduced, making the depth-profilometric analysis feasi
simple, and reliable. Balderas-Lo´pez and Mandelis10 have
considered the case of bilayer materials~a metal layer on top
of a dielectric material! and a very convenient normalizatio
procedure for simplifying the analysis was developed. In t
article, the foregoing normalization procedure has been
tended to thermal diffusivity measurements in two-laye
systems buried in a three-layer stack. As a side benefit, us
the analytical equations from the three-layer model yield
very convenient and practical depth-profilometric normali
tion methodology involving linear data fits. The latt
method is developed for measuring the thermal diffusivity
the bottom layer buried in a three-layer stack. Experim
tally, three materials were used as buried underlayers to v
date the PA methodologies reported in this work: Poly
nylidene difluoride~PVDF! piezoelectric film, laser printe
acetate film, and glass. High reproducibility and good agr
ment with values reported in literature were demonstrate

II. THEORETICAL CONSIDERATIONS

A. Mathematical model

The geometry of the general one-dimensional model,
picted in Fig. 1, consists of three layers embedded betw
two semi-infinite, optically nonabsorbing, media. Assumi
that modulated light with intensityI 0 and angular modulation
frequencyv52p f impinges on the upper surface of m
dium m ~Fig. 1!, and considering only the surface absorpti
limit, the corresponding one-dimensional differential equ
tions for the one-dimensional heat diffusion problem, va
in the limit of uniform optical excitation intensity and bea
size large compared to the thickness of the multilayer s
tem, are
r
-
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Here Tj , a j , j 5w, m,i,s,g, correspond to the oscillating
temperature and thermal diffusivity of mediumj, respec-
tively. w and g stand for the semi-infinite ambient laye
surrounding the three-layer structure with coordinatesx.0
andx,2,2L2D, respectively.b is the absorption coeffi-
cient of the absorbing mediumm ~surface only! andkm is the
corresponding thermal conductivity. Solving this system
coupled equations with the proper boundary conditions
heat flux and temperature continuity at all interfaces, and
physical requirement of finite solutions asx→6`, the re-
sulting time-harmonic temperature oscillation in mediumg is
Tg~x,t !5
I 0bd

4kmsm

~11gwm!~12gmi!~12g is!~12gsg!e
2sm,e2s iDe2ssLesg~x1,1D1L !eivt

D3
, ~2!
-

o

Eq.
where

D3511g isgsge
22ssL1gmig ise

22s iD

1gmigsge
22s iDe22ssL1gwmgmie

22sm,

1gwmgmig isgsge
22ssLe22sm,

1gwmg ise
22s iDe22sm,

1gwmgsge
22sm,e22s iDe22ssL. ~3!

In this equation,d is the thickness of the infinitesimal laye
in material m ~see Fig. 1! where the incident light is ab
sorbed entirely;s j5(11 i )aj , ~j as before!, where aj

5(p f /a j )
1/2 is the thermal diffusion coefficient, andg jk are

thermal coupling coefficients~the so-called thermal-wave re
flection coefficients! defined as g jk5(12ej /ek)/(1
1ej /ek), whereej5kj /a j

1/2, is the thermal effusivity of me-
dium j. In the OPC configuration,g is the transport medium
in which the PT effect is detected in transmission~the air
inside the PA chamber!. Using the Rosencwaig–Gersh
model,16 it is easy to show that the pressure~PA! signal
corresponding to the harmonic temperature oscillation of
~2! is given by
dP3~ f ,t !5
gP0I 0G~ f !bd

4&T0,gkmagsm

~11gwm!~12gmi!~12g is!~12gsg!e
2sm,e2s iDe2ssLeivt

D3
, ~4!
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whereP0 andT0 are the ambient pressure and temperatu
respectively, for the air inside the PA chamber,g is the spe-
cific heat ratio for air,g5cp /cv , and,g is the thickness of
the air layer. The experimental PA signal is multiplied by
modulation-frequency-dependent factor,G( f ), representing
the influence of the instrumental transfer function.

B. Special limiting cases

1. Single layer

On the assumption that in Eq.~4! media,i, s andg are
the same material, the three-layer system shown in Fig

FIG. 1. Schematic representation of the one-dimensional multilayer pho
coustic model with surface absorption.w: glass substrate;m: metal layer
with surface absorption coefficientb at x50; i: interlayer material;s:
sample; andg: gas.
e
ol
nd
l
d
b

e
f

-
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transforms effectively into a one-layer system involving on
a single material~m! of thickness,. The corresponding PT
expression for a surface-absorbing medium surrounded
two semi-infinite media is obtained as a limiting case. Und
this assumptiongsg5g is50, and Eq.~4! simplifies to

dP1~ f ,t !5
gP0I 0bd~11gwm!~12gmg!e

ivt

4&T0,gkmsmag

3
e2sm,

@11gwmgmge
22sm,#

~5!

The thermally thick limit of this equation has been used e
tensively for thermal diffusivity measurements of solids.1,5,7

For non-opaque materials, attaching a thin metal foil on
of the solid under evaluation has become a popu
practice.5–7 Furthermore, the single-layer model has be
used to obtain the effective thermal diffusivity of two
layered materials in series by making use of electrical a
thermal analogies and taking the thermoelastic limit for
PA signal from this single layer model.7

2. Two layers

In a similar manner, if medias andg are considered to
be identical, the three-layer system of Fig. 1 readily tra
forms into a two-layer system involving only materialsm
and i. In this limit, gsg50 and Eq.~4! simplifies to the cor-
responding equation for the PA signal from two layers
ported by Balderas–Lo´pez and Mandelis10

a-
dP2~ f ,t !5
gP0I 0G~ f !bd

4&T0,gkmagsm

~11gwm!~12gmi!~12g ig!e2sm,e2s iDeivt

~11gmig ige22s iD1gwmgmie
22sm,1gwmg ige22sm,e22s iD!

~6!
try

g
er-
ly
by
al

is

, it
In Eq. ~6!, if medium w is assumed to be the same as m
dium g, a spatial symmetry for the two-layered system f
lows. This symmetry implies that, aside from the correspo
ing optical properties~the productbd!, the same PA signa
will be expected, regardless of which surface is expose
the modulated light. Mathematically, this fact is expressed
the following property

dPmi~ f !

bmdm
5

dPim~ f !

b idi
, ~7!

where dPim( f ) refers to the PA signal when the interfac
~im! is exposed to the modulated radiation, and vise versa
dPmi( f ). It is easy to derive Eq.~7! by making use of the
antisymmetry propertyg i j 52g j i between the thermal cou
pling coefficients and of the fact that (12g i j )/(11g i j )
-
-
-

to
y

or

5ei /ej . It is important to emphasize this spatial symme
because it contradicts a claim9 according to which, perform-
ing PA experiments with intensity-modulated light impingin
on opposite surfaces of a two-layer material, different th
mal diffusivity values should be expected for optical
opaque solid bilayers. Based on the symmetry indicated
Eq. ~7! any directional dependence of the effective therm
diffusivity of a solid layer stack is clearly impossible. Th
spatial symmetry also follows for the three-layer system.

C. Effective thermal diffusivity for a multi-layer
system

Using PT techniques in the transmission configuration
can be shown that lumped~effective! thermal diffusivity in-
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



i
e

e
r

m
g
in

n

f
lti
as
a

at
l-
re
tiv
,

a-
,
ita
sil

f a
ent

l-

ing

er-
n

al
wo
ple

ity
,
tal

be-

3050 J. Appl. Phys., Vol. 92, No. 6, 15 September 2002 Balderas-López, Mandelis, and Garcı́a
formation about a multilayer system may only be defined
the thermally thick frequency regime. In this limiting cas
the termD3 in the denominator of Eq.~4! and the respective
terms in Eqs.~5! and~6! all become unity. The thermal wav
is exponentially damped across the thickness of each laye
the sample. It is thus possible to define the effective ther
diffusivity aeff for two- or three-layered systems, by makin
the thermal analogy with the single-layer system, and us
the following relations~corresponding to thermal diffusio
transit times across the relevant layers!:

L2

Aaeff

5
,

Aam

1
D

Aa i

, ~8a!

L3

Aaeff

5
,

Aam

1
D

Aa i

1
L

Aas

, ~8b!

where L25,1D and L35,1D1L. The same conclusion
was reached by Salazaret al.17 and Johnet al.18 The latter
investigators obtained the symmetry property by use o
transmission mode photopyroelectric configuration of mu
layers. Moreover, following the same assumptions, it is e
to infer the generalized equation for the effective therm
diffusivity of an n-layer system:

Ln

Aaeff

5S j 51
n , j

Aa j

~9!

whereLn5S j 51
n , j . It is important to emphasize again th

this PT analogy is well-defined only for thermally thick mu
tilayers. Trying to extend this analogy to other thermal
gimes leads to modulation-frequency-dependent effec
thermal diffusivities.8 This notion is physically unacceptable
as thermal diffusivity is an intrinsic property of a given m
terial and, in the case of thermally homogeneous solids
can not change with the modulation frequency of the exc
tion light source. This definitional inadequacy can be ea
iv
is
y

xp
s
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corrected by considering the thermal-wave impedance o
composite solid, a quantity which is frequency depend
~Ref. 19!.

D. Normalized photoacoustic techniques

It is possible to determine the thermal diffusivity of so
ids by use of Eqs.~4!–~6!. In particular, by normalizing the
PA signal for the three-layer material with the correspond
signal from the first~uppermost! layer alone, it is possible to
develop a PA methodology for extracting the effective th
mal diffusivity in two-layered materials. The normalizatio
procedure developed by Balderas–Lo´pez and Mandelis10 can
then be applied. Moreover, by normalizing the PA sign
from three layers with the corresponding signal from the t
uppermost layers, a new PT methodology involving sim
linear fits to measure the thermal diffusivity of the third~bur-
ied! underlayer is possible.
1. Depth-profilometric measurement of the thermal
diffusivity of a buried underlayer by use of
the three-layer model

On taking the ratio of Eqs.~4! and ~6!, it is possible to
develop a normalization procedure for the thermal diffusiv
measurement of layers in Fig. 1. Through this, procedure
all common proportionality factors and the instrumen
transfer function,G( f ), are eliminated and the following
simple relation is obtained

dP3

dP2
5S D2

D3
D ~12g is!~12gsg!

~12g ig!
e2ssL ~10!

where

D2511gmig ige22s iD1gwmgmie
22sm,

1gwmg ige22sm,e22s iD.

For thermal diffusivity measurements of the layers, the
modulation frequency can be adjusted so that this layer
comes thermally thick. Under this condition, the ratioD2 /D3

simplifies to
D2

D3
5

11gmig ige22s iD1gwmgmie
22sm,1g iggwme22sm,e22s iD

11gmig ise
22s iD1gwmgmie

22sm,1g isgwme22sm,e22s iD
~11!
er-

an

of
In
sig-
the

d.
ed,

ns
Equations~10! and ~11! are still too complicated to give a
practical PA measurement technique of the thermal diffus
ity of material s. However, a substantial simplification
obtained if the frequency is high enough so that the overla
i is also thermally thick. If this condition applies, then e
(22siD)>0 and the ratioD2 /D3 becomes unity, regardles
of the thermal behavior of overlayerm. So in the thermally
thick regime for samples and interlayeri, the PA signal takes
on the simpler form

dP3

dP2
5

~12g is!~12gsg!

~12g ig!
e2ssL. ~12!
-

er

It is now possible to carry out PA measurements of the th
mal diffusivity of layer~s! by making linear fits of the ratio
of experimental data expressed by Eq.~12!, on a semilog
scale. From the experimental point of view, the use of
interlayer~material i! with a known low thermal diffusivity
value is required to ensure the thermally thick behavior
the layer starting from very low modulation frequencies.
this manner, any change of the normalized photothermal
nal can be associated with the photothermal behavior of
layer ~s!, the thermal diffusivity of which is to be measure
Obtaining a linear behavior on the semilog scale is, inde

the desired confirmation that the experimental conditio
match the theoretical assumptions.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2. Measurement of the effective thermal diffusivity of
bilayers

On taking the ratio of Eqs.~4! and~5!, it is clear that the
transfer functionG( f ) and all common proportionality fac
tors are eliminated and the following relation is obtained

dP3

dP1
5S D1

D3
D ~12gmi!~12g is!~12gsg!

~12gmg!
e2s iDe2ssL,

~13!

where

D1511gwmgmge
22sm,

As was just shown for the purpose of defining an effect
thermal diffusivity, it is required that each of the layersi and
s of the multilayer should be thermally thick. Under th
assumption, exp(22siD)>0>exp(22ssL) and the ratio
D1 /D3 simplifies to

D1

D3
5

11gwmgmge
22sm,

11gwmgmie
22sm, . ~14!

Adjusting the modulation frequency so that the overlayerm
is thermally thin, one may set exp(6sm,)>16sm,. There-
fore, it is possible to rewrite Eq.~13! in the simpler form

dP3

dP1
5

~12gmi!~12g is!~12gsg!

~12gmg!

~11gwmgmg!

~11gwmgmi!

3F 11
~12gwmgmg!

~11gwmgmg!
sm,

11
~12gwmgmi!

~11gwmgmi!
sm,

G e2seffLeff, ~15!

whereLeff5L1D and seff5(11i)(pf/aeff)
1/2. aeff is defined

by Eq. ~8a! ~with Leff instead ofL2 , L instead of,, andas

instead ofam!. It is clear that, but for a constant factor, E
~15! is the same as Eq.~13! in Ref. 10. Consequently, the P
technique of Ref. 10 can also be applied to this situation
measurements of the effective thermal diffusivity of a
layer. Closer examination of Eq.~14! shows that it is theo-
retically possible to obtain a further simplification of the r
tio D1 /D3 when the materialm is thermally thick, however,
the experimental procedure faces practical limitations
cause such an arrangement would require thick and opa
overlayers and/or frequencies that are too high to yield r
sonable signal-to-noise ratios. Complicating the issue, t
moelastic and thermal-wave signals are strongly couple
high modulation frequencies in PA detection and decoup
them is not an easy task. In experimental practice, the
malized data themselves will indicate if this decoupling
possible through the presence of an inflection point on
corresponding plot indicating the start of domination of t
thermoelastic behavior. The corresponding modulation
quency can then be used as a natural upper limit to
simple quantitative analysis through Eq.~15!.
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III. EXPERIMENTAL

A. Sample preparation

Several three-layer stacks@cross sections are shown i
Fig. 2~a!# were fabricated to demonstrate the applicability
the methodologies described in Secs. II D 1 and II D 2. Th
consisted of the premetallized surface of a glass mirror a
light-to-heat converter~uppermost layer!, double-sided adhe
sive polymer tape~Manco, Inc.! ~second layer! and one of
the following test materials~third layer!: PVDF polymer film
~Piezofilm!, laser printer film ~Xerox!, and a microscope
glass slide~Corning!. Equation~12! was used for the ther
mophysical characterization of the materials used as the t
underlayer and Eq.~15! was used for that of the bilaye
stacks formed by the polymer tape and the various mate
used as the third underlayer. To test the reproducibility of
results, three samples of each three-layer stack were prep
by tightly attaching the metallized surface of the mirr
~square-shaped pieces of'1 cm2 area! and each of the tes
materials@Fig. 2~a!# to the opposite surfaces of two-side
adhesive polymer tape. For thermal characterization of
tape@used for verification of Eq.~8a!#, and for the purpose o
obtaining the reference signal according to the methodol
described in Sec. II D 1, three samples of bilayer stacks w
prepared by joining one side of the double-sided adhes
tape to the metallized surface of the mirror@Fig. 2~b!#. The

FIG. 2. Cross section of multilayer stack with a double-sided adhesive
terlayer.~a! Three-layer stack and~b! Two-layer stack.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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glue layer attached to the free surface of the tape was c
fully removed by using cotton sticks dipped in acetone.

B. Experimental setup

The experimental PA setup is shown in Fig. 3. It co
sisted of an infrared~830 nm! semiconductor diode lase
with a fiber-optic pigtail~Opto Power Corporation!, deliver-
ing 60 mW of continuous wave power. Intensity modulati
of the laser light was achieved through current modulation
the diode and the modulated radiation entered the nonm
lized surface of the mirror slab~2 mm thick!, impinged, and
was absorbed on, the metallized surface,~Fig. 2!. Thermal
waves generated in this metal layer traveled across
multilayer material sample, reaching the PA chamber. T
latter consisted of a cylindrical cavity~3 mm diameter and 3
mm height!, made of a brass body, communicating with
electret microphone and its built-in preamplifier through
hollow channel~Fig. 3!. The PA signal was monitored as
function of the modulation frequency~a frequency scan!.
The output signal was fed to a lock-in amplifier~LIA ! ~Stan-
ford Research model SR830! for further amplification and
demodulation. The laser current was modulated using
internal oscillator of the LIA to drive the laser power supp
via a TTL communications port. One frequency scan w
made for the bare metal surface of the mirror~one layer! as a
reference signal for thermal diffusivity measurements of
tape and the various two-layer stacks formed from the ta
Another scan was made for each of the test materials
described in Sec. II D 2 and in Ref. 10. The PA frequen
scan for the bilayer stack consisting of the metal layer a

FIG. 3. Schematic cross section of the PA cell transmission configura
experimental setup used for depth-profilometric thermal diffusivity meas
ments.
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
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the tape, was taken as the reference signal for de
profilometric thermal diffusivity measurements of the thi
underlayer of the three-layer stacks by means of the meth
ology described in Sec. II D 1. Measurement variance sta
tics were obtained by taking the averages of the measu
thermal diffusivity ~and effective thermal diffusivities! from
three independent measurements of each sample thr
computing the corresponding standard deviation.

FIG. 4. Typical PA signal amplitudes for the materials and multilayers u
in this work. Circles correspond to the PA signal from the bare metal la
squares correspond to the signal from the metal layer and the interl
material~adhesive tape!; Upside-down triangles correspond to the signal f
the three-layered system formed by the metal layer, the tape, and the P
film; upright triangles correspond to the signal for the three-layered sys
formed by the metal layer, the tape and the laser polymer film; diamo
correspond to the signal for the three-layered system formed by the m
layer, the tape, and the glass sample.

FIG. 5. Normalized PA signal amplitude ratios for the materials measu
using the methodology~described in Sec. II D 1!. Circles correspond to the
normalized signal from the PVDF polymer film; squares correspond to
signal from the laser polymer; upright triangles correspond to the signa
the glass sample; and continuous lines correspond to the best fits to Eq.~12!.
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IV. RESULTS AND DISCUSSION

Figure 4 shows typical PA signal amplitudes as functio
of the modulation frequency for all materials and multilaye
involved in this work. Figure 5 shows the normalized P
amplitude signal ratio from the bilayer formed by the me
layer and the adhesive tape taken as a reference, and
three-layered stacks under study. The goal was to mea
the thermal diffusivity of the third underlayer, by followin
the methodology described in Sec. II D 1. It is evident th
there is a frequency range where there exists a linear re
of the amplitude ratio as a function of the square root of
modulation frequency, as predicted by Eq.~12!. This is an
experimental confirmation that in this range, both mater
~the interlayer and the sample! are thermally thick. The con
tinuous straight lines in Fig. 5 are the best fits to this eq
tion. The cutoff frequency for the analysis by means of E
~12! was taken as the frequency of the departure from lin
behavior in the corresponding plots. The resulting therm
diffusivity values for all test samples are summarized
Table I, column 3. To test self-consistency between the
methodologies described in Secs. D II 1 and D II 2 and ve
Eq. ~8a!, the thermal diffusivity for the plastic polymer tap
was measured. For this purpose, the signal from the bila
formed by the metallic layer and the polymer tape@Fig. 2~b!#
was normalized with the corresponding signal from the m
tallic layer alone and the normalized data were analyzed
the methodology described in Ref. 10. The resulting norm
ized PA amplitude is shown in Fig. 6~circles!. The continu-
ous line corresponds to the best fit to Eq.~13! in Ref. 10,
which is equivalent to Eq.~15! in the present context. Th
thermal diffusivity for this tape was measured to be (
63)31025 cm2/s. In the same figure, the correspondi
normalized signals from the two layers formed by the ta
and the materials under examination~PVDF, laser printer
polymer, and glass! are shown. These curves were obtain
using the corresponding amplitude from the single-me
layer as normalization signal. The continuous lines cor
spond to the best fits to Eq.~15!. Table II, column 3, sum-
marizes the effective thermal diffusivities measured in e
case. To verify the validity of Eq.~8a!, the thermal diffusiv-
ity for the third underlayer@test sample in Fig. 2~a!# was also
calculated by means of that equation, using the meas
thermal diffusivity values for the various bilayered materia
~Table II, column 1! and the thermal diffusivity measured fo
the plastic adhesive tape. The corresponding results are

TABLE I. Thermal diffusivities,aRN , for the test materials studied in thi
work, measured by using the normalized PA depth-profilometry reporte
Sec. II D 1. One thermal diffusivity value reported in literature for simi
materials is also presented (aRef) for comparison.

Material
Thickness

(cm)(31022)
aRN

(cm2/s)(31022)
aRef

(cm2/s)(31022)

Laser
polymer

L51.1060.05 0.05560.003 ¯

PVDF
polymer

L50.6060.05 0.04660.005 0.054
~Ref. 20!

Corning
glass

L51.6060.05 0.12760.004 ¯
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marized in Table III, column 3. Comparison among the m
sured and calculated thermal diffusivity values, columns
and 3 in Table III, indicates good agreement, thus dem
strating the utility of the lumped~effective! thermal diffusiv-
ity approach for depth-profilometric thermophysical inves
gations.

Figures 5 and 6 exhibit the well-known exponent
damping of the PA signal amplitude in transmission as
function of modulation frequency. As the thermal-wav
generated transmission PA signal becomes weaker with
creasing frequency, complicating thermoelastic signal con
butions may appear.10 These contributions are responsible f
the nonmonotonic behavior of the various amplitudes a
amplitude ratios at high frequencies in Figs. 4–6. These
fects suggest the use of modulation frequencies as low
possible, so that the sample will be entirely thermally thic
below the thermoelastic range and, at the same time, t
will be adequate signal strength to provide a satisfact
signal-to-noise ratio for the measurement. These results
ther suggest that the use of an interlayer buffer material w
a low thermal diffusivity and thickness, such as the pres
adhesive tape, ensures thermal thickness at low modula
frequencies and a minimum of thermoelastic contribution10

As is experimentally evident from the plots shown in Fig
4–6, this limit was indeed obtained for the materials used
this work. The use of the double-sided adhesive tape of
evident advantages in terms of mechanical integrity and e
of sample fabrication with good reproducibility, especia

in
TABLE II. Effective thermal diffusivities,aeff , for the bilayer materials
studied in this work, measured by using the normalized PA dep
profilometry reported in Sec. II D 2.

Bilayer
system

Effective
thickness

(cm)(31022)
aeff

(cm2/s)(31022)

Tape and
laser
polymer

L51.7060.10 0.04360.003

Tape and
PVDF
polymer

L51.2060.10 0.03860.002

Tape and
corning
glass

L52.2060.10 0.10060.003

TABLE III. Thermal diffusivities, a, for the test materials studied in thi
work, measured by using the normalized PA depth-profilometry reporte
Sec. II D 1. The corresponding valuesacalc obtained by means of Eq.~8!
with the effective thermal diffusivity value reported in Table. II, column
and the thermal diffusivity value measured for the plastic tape, are
shown.

Material
a

(cm2/s)(31022)
acalc

(cm2/s)(31022)

Laser
polymer

0.05560.003 0.04860.005

PVDF
polymer

0.04660.005 0.04060.003

Corning
glass

0.12760.004 0.18060.004
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those used as references for PA amplitude normalizat
These procedures, however, may render the introductio
interfacial thermal impedances inevitable. As is evident fr
the experimental results reported in this work, fortunate
interfacial thermal impedances were not significant here
self-curable resin~e.g., Torcill™! might be a better choice a
interlayer material, if maintaining the constancy of the int
layer buffer thickness becomes a problem. In principle,
same methodologies are equally valid for thermal diffusiv
measurements by using the PA phase~in this case, the phas
difference between the three-layered sample stacks and
corresponding reference!, however, experimentally it was no
possible to decouple the thermal PA contribution from
thermoelastic PA contribution for phase signals, unlike
PA amplitude. This is usual for PA methodologies, beca
the effects of thermoelastic contributions are stronger
cover a wider frequency range in the phase channel tha
the amplitude.21 Efficient normalization procedures like th
ones presented here and in Ref. 10, however, represe
powerful tool for identifying the extent of thermoelastic co
tributions to both channels of the frequency-domain PA s
nal, whenever this situation arises.10 This is an important
difference and an advantage of normalized PA method
gies, as compared to the nonnormalized methodolo
sometimes encountered in literature,5,8 in which thermoelas-
tic signal dominance is accounted for through the criterion
departure of the modulation-frequency dependence of
amplitude alone from thef 21 law predicted by the one
dimensional theory. Our investigations show that, witho
correcting for the transfer function frequency dependenc
both amplitude and phase channels, the boundaries of
onset of the thermoelastic regime are more gradual and
lead to inaccurate measurements.

FIG. 6. Normalized PA signal amplitude ratios for the materials measu
~using the methodology described in Sec. II D 2!. Circles correspond to the
normalized signal from the polymer tape; squares correspond to the no
ized signal for the bilayer system formed by the tape and the PVDF poly
foil; upright triangles correspond to the signal from the bilayer syst
formed by the tape and the laser polymer; upside-down triangles corres
to the signal from the bilayer system formed by the tape and the g
sample; and continuous lines correspond to the best fits to Eq.~15!.
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V. CONCLUSIONS

In conclusion, two effective depth-profilometric norma
ization PA transmission methodologies have been develo
for measuring the thermal diffusivity of bilayers and deep
positioned~buried! underlayers in a three-layer stack. Th
normalized Eqs.~12! and ~15! were derived to quantify the
PA signals, respectively. The analytical procedure for therm
characterization of single-layer materials involves on
simple linear fittings. These methodologies eliminate the
quirement for instrumental transfer function consideratio
and amount to major accuracy and simplicity advantage
the present depth-profilometric analysis over other analyt
normalized and nonnormalized measurement techniq
based on the same configuration.5,8,10 In principle, the
present techniques are applicable to all solid materials, p
vided that the experimental configuration fulfills the requir
ments of the theory, i.e., an opaque and thermally t
~metal! overlayer for thermal diffusivity measurements
two-layer materials, and thermally thick underlayers with
thermoelastic overlaps. In addition, a homogeneous in
layer thermal-coupling thin-film material with uniform thick
ness and low thermal diffusivity, such as an adhesive tap
required. The simplicity in sample preparation and analy
make the present technique promising for accurate and
producible depth-profilometric measurements of the ther
diffusivity of buried material layers which are very difficu
or impossible to measure otherwise. These include mate
such as paper, glasses, and polymers.
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