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Generalized theory of the photoacoustic effect in a multilayer material
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In this work, a generalized expression of the photoacoyB#) effect in a multilayer material is
derived. This expression takes thermal and optical properties and geometry of a multilayer structure,
as well as the thermal contact resistances between layers into consideration. In addition, a composite
piston model consisting of a thermal piston and a mechanical piston of the PA effect is developed
and interpreted from the viewpoint of thermodynamics. Mistakes occurring in the thermal piston
model and in the composite piston model developed before are pointed out and corrected. It is also
shown that the PA effect has an isochoric character for the thermal piston and a polytropic character
with a polytropic factor of (2-1/y) for the mechanical piston. The theory developed in this work

is in good agreement with the experimental results, and is applicable to a wide range of
photoacoustic problems. @999 American Institute of Physids$§0021-89789)05519-X]

I. INTRODUCTION In this article, a generalized PA model for multilayer
samples is developed and the solution of the PA effect is
For the last two decades, the photoacoudtié) tech-  derived in matrix expressions. No numerical integration is
nigue has attracted considerable attention, and has becomaeeded. This solution takes thermal and optical properties
valuable analytical and research tool used extensively imnd geometry of a multilayer structure, as well as the thermal
many aspects of science and technology. The PA technigusontact resistance between layers into consideration. Every
has the capability of analyzing the optical and thermal propiayer, including the backing material can be light absorbing.
erties and geometry of multilayer materials, and nondestruch addition, it is pointed out that the dual-piston model of the
tive depth profiling because of critical damping of inducedphotoacoustic effect is a result of thermodynamics prin-
heat conduction. A quantitative understanding of the PA efciples. The physical meaning of each piston is interpreted,
fect was first given by Rosencwaig and GerdHamown as and the mistakes that occurred in Rosencwaig and Gersho’s
the RG model. Since then, many extensions and applicatiorf§ermal piston model and McDonald and Wetsel's composite
of the RG model have been developed, basically into twdPiston model are recognized and corrected. The theory de-
directions. One was to further study the basic mechanism ofeloped in this work is verified with a number of PA mea-
the PA effect. By including mechanical vibration of the Surements.
sample surface, McDonald and Wefsptesented a compos-
ite piston model, which was especially important for liquid
due to its high thermal expansion coefficient. The other aty; GENERALIZED PA SOLUTION
tempt was to generalize Rosencwaig and Gersho’s work to
multilayer samples due to the increasing importance of these A typical PA apparatus is shown in Fig. 1. The heating
materials, especially in the microelectronics industry. Thesource, usually a laser, is modulated either internally or by a
majority of these studies were limited to two or three mechanical chopper. The laser beam is directed onto the
layers®* Solutions for multilayer system$ were obtained Ssample mounted at the bottom of a PA cell. The periodic
either for very special cases or under the assumption th&thange of the temperature in the gas cell causes a periodic
incident light was entirely absorbed at the surface of samplechange of pressure in gas, which can be sensed as an acoustic
In a multilayer sample, light can be absorbed by the layergvave. The pressure change of the gas is also induced by the
beneath the surface, even by the backing matétied sub- ~mechanical vibration at the target surface due to thermal ex-
strate. Moreover, almost all these works took the thermalPansion. A microphone senses the acoustic signal and trans-
contact resistance between layers out of consideration. Ré&ers it to a lock-in amplifier, which measures the amplitude
cently, Cole and McGahdnleveloped a general solution for and phase of the acoustic signal at the modulation frequency.
the temperature distribution of a multilayer system, which I this work, the development of a generalized solution
accounted for optical absorption in any layer as well as th@f the PA pressure signal is based on two guidelines. One is
contact resistances. To use their solution to calculate th@enerality, the model should be applicable to as many cases

temperature field, numerical integration is required. as possible; the other is simplicity, the resulting expression is
not too complex to use. In this session, the expression for the

, ~temperature variation in the multilayer sample and gas due to
30n leave from the Department of Thermal Science and Energy Englneerheating of the laser beam is first derived. Then the expression
ing, University of Science and Technology of China, China. . )
bTo whom correspondence should be addressed; electronic maifO! the PA signal due to the temperature change and the
xxu@ecn.purdue.edu surface expansion is developed.
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Power driver than the diameter of laser beam. Therefore, the thermal dif-

Laser . ! At ;
_)Eg:\"\mf fusion equation in layer can then be expressed as

" N
¥ 26, 196, Bl
A N _;Z__l_&ex 2 —ﬁmLm
o Ixs  a; gt 2k, m=T+1
Triggering Lens ; Window
ignal Mi h i J(x—1; j
signal icrop one\ :: / x eBi(x ||>(1+elwt), (1)
Photoacoustic cell . where 6;=T,— T,y is the modified temperature in layer
= - and T, is the ambient temperature. The soluti@nof the
Lock-in amplifier above thermal diffusion equation set consists of three parts:

Sample the transient componer ;, the steady dc componefi g,

. and the steady ac componéht,. Therefore,
FIG. 1. Schematic of a photoacoustic apparatus. y P e‘hts

6= 6; i+ i s+ Oy 5. @
A. Temperature distribution in multilayers Because in a PA measurement, the lock-in amplifier only
The temperature change in the gas cell is due to twioks up the ac components, onfly; needs to be evaluated

effects: one is conduction heating through the contact witt1€reé- bi,s is reﬁulted from th(: periodic source term

the sample surface, the other is mechanical work imposed o (il o/2K) EXpEimei 1~ Brlm)e”* el in Eq. (1). When

the gas medium due to vibration of the sample surface. ~ this source term is considered, Ed) has a particular solu-

tion in the form of —E;efi**"el*t where E;=G, /(B2

1. Temperature variation due to heat conduction —0?) with G;=(Bjlo/2k)exp32N i 1 Bulm for i<N,
The cross-sectional view of a multilayer sample is Gn=~8nlo/ZKy, and Gy, 1=0. o; is defined as (% ))a

shown in Fig. 2. The light source is assumed to be a sinusowith j=/—1. The general solution df, ¢ can be expressed

dally modulated monochromatic laser beam of wavelength in the form of

incident through the nonabsorbing gas on the sample with ~ o o (x—h (P i

flux I=I0(1+305wt)/2, where w isgthge modulated angular 01, =[ A7 1 Bie” 70— Fiefhi]elet,  (3)

frequency of the incident light. The sample is composeN of whereA,; andB; are the coefficients to be determined, dmd

layers with indices 1 througN. The indices of the backing is calculated a&;=I; for i=0,1,...N, andhy,;=0.

material and gas are 0 amd+ 1, which also take the sub- In most PA experiments, the modulation frequency is
scriptsb andg, respectively. Layer, with the rear and front greater than 100 Hz, thus the thermal diffusion length in gas
interface located at;_; andl;, has a thickness of;=I, and in the backing material is less than 0.3 mm. It is there-

—1;_4, thermal conductivityk;, specific heat:pi, thermal  fore reasonable to assume that the gas and the backing layer
diffusivity «; and optical absorption coefficiert,, where are thermally thick, meaningooLo|>1 and |oy 1Ll 1]
i=0,1,....N+1. Some other parameters used in the deriva>1. Based on this assumption, the coefficiehts ; andB,

tion are the thermal diffusion length,=\2«a;/w, thermal ~ can be taken as zero. The rest of the coefficiégtand B,
diffusion coefficienta;=1/u;, and thermal contact resis- can be determined by using the interfacial conditions at
tance between layérand (+ 1), R; ;.. Multiple reflections x=l

between interfaces and convective heat transfer in the gas ~ ~
&0i,s 80i+1,s_o

cell are neglectedBy, 1 andRy y -1 are taken as 0 in the gas k; i1 ' (43)
layer. To eliminate resonance in a PA experiment, the modu- Ix X

lation frequencyw and the typical dimension of the gas cell 7o

Ly should be selected so thay<A¢2, whereAg is the ki——= + (6, <~ 6,119 =0. (4b)
minimum wavelength of the sound wave in the gas cell cal- X Rijea '

culated by the maximum frequency used in the measurementquations(4a and (4b) indicate that the heat flux at the

It has been recognized that the one-dimensional heahterfaces between layers is continuous, while the tempera-
transfer model is adequate for describing the temperaturgres are not when thermal contact resistances exist. From
variation under typical experimental conditions when theggs.(4a and(4b), the recurrence formula of the coefficients
thermal diffusion length in gas and in the target is much les, andB; of Eq. (3) is obtained in a matrix form as

Ai} At Ei
—U, +V; , (5)
B "1Biv1]  '[Eisa1
5 where
0 1] i [ I N N+1 2
backing 9as 2 1luggy ugy| , 1{vigy Vi 6a)
d — i— 7~ yVi— 4o ’
material 2 Upgj Uppj 2 Vo1j Vogj
L L [ | L | x _
L) Lo by ba by WO heaty) Uin,i = (1£Ki 110711 /Ko F K1 107 1R j+1)
FIG. 2. Schematic of &-layer sample. Xexd ¥oi+1(hiy1—h)], n=1.2, (6b)
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Uzni= (15K 10141 /Kioi F K 10744Ri 41)

Xexg +oi1(hir1—h)], n=12, (60)
Vpi=1*Bilo;,n=1,2, (6d)
Vizi = (= 1% Kis1Bi+1/Kioi+Kiv1Bi+1Rii+1)

xexf = Bi+1(hi+1—hp]. (6e)

The physical interpretation df; is the interfacial transmis-
sion matrix of heat from layeri(-1) toi,® andV; is the
absorption matrix of light.

Based on Eqgs(5)—(6e), along with Ay, ;=0 andBy
=0, after some recurrent operations, the coefficiéqtand
B; are obtained as

[0 13

m-o(IL™ ")V g ™

Bn+1=— ; (73
[0 1}y oU)[
A 0
S O
Em
+2(H U Vil J, (7h)

wherell},_1U, is taken agy ¢

Substituting Eq(7) into Eq. (3), the ac temperature dis-
tribution ?i,S in layeri can be obtained. In particular, the ac
temperature distribution in the gas can be found as:

70'N+1Xej ot

®)

On+1s=Bni1€

2. Temperature variation due to surface vibration

Hu, Wang, and Yu 3955

The interfacial conditions at=1; are the same as Eqgla)
and(4b). Since only the temperature variation in the gas is of
interest, using the similar derivation procedure as above, it is
calculated as

(0 LUy

ON+1X—

1

80N+ 15= e

[0 1)(IT}LoU))

1

AN+ 1PamAX0 it g (10)
LoKnt1

B. Photoacoustic signal

The photoacoustic signal is due to the acoustic wave in
the gas cell induced by the incident light on the sample. To
investigate the inherent mechanisms of the PA effect, the
thermoacoustic response of the gas needs to be studied. Ac-
cording to the basic principle of thermodynamics, there are
relations among intensive thermodynamic properties, namely
the equations of state. For any substance, it is possible to
specify an intensive thermodynamic property by any other
two intensive thermodynamic properties. Thus, for the gas in
the PA cell, in terms of its pressug temperaturel and
volume V, the equation of state can be written @s
=p(T,V), from which the total differential pressure of gas
can be represented as

p P
dp= ﬁ dT+ aV dv. (11
Assuming the gas is |deal, then
ap| p [Ip p
(ﬁ)v—?’(a—v);‘v- 2

Since the design of PA cell requireg<<A¢/2, p is uniform

When the sample is heated by modulated laser light, théh the entire domain of the gas cell. However, there is a
thermal expansion of the sample causes mechanical vibratiaBmperature distribution in the gas arising from radiation of
at its surface, which imposes work on the gas, causing amcident light on the surface of the sample. For this reason,
additional temperature chan@@iys. Computation of this ad- along with considering Eq.12), Eqg. (11) can be rearranged
ditional temperature change is described below. as

The work done by the surface vibration on the gas is
PamA XsS, wherep,mp is the ambient pressur§,is the area
of the sample surface irradiated by the laser beamfands
the displacement of sample surface due to the thermal expawhere(dT) is the volume average of temperature variation of
sion of sample, expressed Ax e!“!* g, whereAx, and  the gas in the cell. Physicallgp produces the acoustic sig-
fiag are the amplitude and the phase shift of vibration, réna| dT="19,, .+ 80y, 15, dV=—AV,, with AV, the
spectively. The thermal diffusion equation in layecan be  yojymetric thermal expansion of the samples pamp: T
expressed as =Tamp, andV=Vy, the total volume of the gas cell. There-
fore, EQ.(13) can be rewritten as

dp="2(dT)- v, (13

(?2( 5~éi,s) 1 4 5ﬂéi,s) prambAXO (0t+ Olag)
2 Kk & pamb pamb pamb
X it Lokn+1 dp= <9N+1s>+ v AVet <59N+1s> (14)
Vg
(In<x<lyiq) for i=N+1, (93 Although no piston concept is employed in the above deri-
, o _ vation, Eq.(14) gives the expression of the composite-piston
d°(86is) _ 1 9(56; ) model, but is derived from the view point of thermodynam-
x> a ot ics. The first term on the right-hand side of Hd4) repre-
sents the thermal piston effect resulting from the thermal
(l;_1<x<I;) for i=0,1,2,...N. (9b)  expansion of gas heated by the sample, which only occurs in
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TABLE I. PA signal from a carbon-black sample in a gas cell filled with Ag, Nr CCIF;.

S (mV) SAr /Si SAr /3 SAr /Si
i ¥i [experimentRef. 10] [experiment(Ref. 10] (RG mode) (the current model
Ar 1.67 7.8:0.2 1 1 1
N, 1.40 7.9 0.99 1.15 0.96
CCIR; 1.17 3.5:0.1 2.23 3.16 2.21

a narrow layer in the gas adjacent to the sample and pushése gas cell are assumed to be adiabatic, however, the pro-
the rest of gas just like a piston. The term in the bracket caress is isochoric for the thermal piston and polytropic for the
be interpreted as a result of the mechanical piston effect dumechanical piston as shown in this work.

to the thermal expansion of the sample.

In most PA measurements, only the phase shift or the

The pressure variation caused by the thermal pistorratio of amplitudes of two samples obtained in the same gas
dp;, is calculated by averaging the temperature change imedium are used to determine the unknown properties.

the gas as
Pamb ~ Pamb J'Lg _ i
dpi=——(0 = B e IN+1Xdxe !
Pt Tamb< N+1s) Tamig Jo N+1

_ pamlBN+1 ej(wt—’iT/‘l)

= (195
V2T amd- 24

Compared with the result by Rosencwaig and Gerstip,
= (YPamBN+1/V2Tami-g3g) € '™, Eq. (15) does not
include y(=c,/c,).

Therefore, different models actually provide the same re-
sults. The only experimental data that can be used to deter-
mine the compression process in the gas cell were given by
Korpiun and Bichner'® who used Ar, N, and CCIF as the

gas medium, each with a differegtvalue, and measured the
amplitude of the PA sign&a®, on carbon. The results of their
measured amplitude of the PA signal, in millivolts, are listed
in Table I. The ratios of the amplitudes using different gases,
Sar/S;, are calculated from the experimental data by Kor-
piun and Behner, by the RG model, and by Ed.5). Only

Eq. (15) is used since for the solid sample, the PA signal due

The pressure variation caused by the mechanical PIStORy the thermal piston is much larger than that of the mechani-

dp,,, is calculated as

Pamb

Pamb ~
=-20 AVS+ _T <50N+1,S>
amb

dpm_ V]

9

Pamb

Pamb ~
= ﬂAXs"— T_<50N+1,s>-
amb

3 (16)

9
Substituting Eq(10) into Eq.(16), dp,, can be calculated as

7
TN 17)
Lg
where
[0 1IN U | oy
~ =01 e_(WM}] aN+1Pamb
n=1-— 0l 3 Tk .
[O 1](HINOUI)|:1:| 2Lgag amb™N+1
(18

Consideringky 10N+ 1<kyoy andLgag>1, and substitut-
ing Eq.(6) into Eq.(18), the expression fdi can be simpli-
fied asi=2—1/y. Therefore, Eq(17) can be rewritten as

1 Pamb
dpn=| 2- 7| ot
pm ,y Lg
The result by McDonald and Wetdednd McDonald dp,,
=(¥Pamv/Lg)AXs, is different from Eq.(19) since T
<. The reason for the difference between E#5) and

AXg. (19

cal piston(see below. It is seen from Table | that the RG
model is different from the experimental results by a factor
of y,/vya . On the other hand, the signal ratio calculated
using Eq. (15 agrees well with the experimental results.
Therefore, the data by Korpiun and &wner confirmed the
isochoric character of the thermal piston; the PA signal does
not depend ony.

The calculation ofAx in the expression ofip,,, Eq.
(19), is related to the mechanical boundary conditions, and
shear and bulk moduli of multilayer materials. The detailed
derivation involves dealing with a set of elastic wave equa-
tions, which is more complicated than that of the temperature
distribution calculation. Fortunately, for solid samples, ther-
mal expansion is small enough to be neglected compared
with that of gas, which is shown as the follows. The influ-
ence of the mechanical piston can be estimated as

~ N

n li ~
pambE f Br,it dX
Ly =0 )iy 7

whereg ; is the volumetric thermal expansion coefficient of
layeri. Therefore,

ﬁpamb
Lg

=

|dpm|= Axs . (20)

dpm| _

= . 21
dpt| @y

B+t |

2T N ~
. bagzof Br,i0; sdx
- i—1

Using Eq.(21), for most solid samples at modulation fre-
quencies lower than 20 kHzdp,,/dp;| can be estimated to

Rosencwaig and Gershd'snodel, and the difference be- be less than 1%, and the phase shift caused by the mechani-

tween Eq.(19) and McDonald’é model lies in the assump-

cal piston is less than 0.1°. Thus for solid materials, the

tion of the gas compressing process. In the previous modelsyechanical piston effect can be neglected, and the total pres-
both the thermal and mechanical compressing processes &ure variation is only related to the thermal piston effect as
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FIG. 3. Amplitude as a function of the modulation frequency for 1-mm- FIG. 5. Amplitude as a function of the modulation frequency for the
thick glass coated with 70-nm-thick Ni. Ni/SiO, /Si sample.

The first sample is a 1-mm-thick glass slide coated with
dp= (22 a 70-nm-thick nickel film. By fitting the amplitude of the PA
V2T amd-gg signal, the thermal conductivity of glass is found to be
According to Eq.(22), the phase shift of the PA signal is 1-3800;W/mK, close to the literature value of 1.4
calculated as Arg&y.,) — /4, and the amplitude is calcu- W/m K.! The uncertainties in the thermal conductivity value
lated as|pamBn-+1/V2Tami-qg. Considering surface re- is detgrmined using num_erical computation, by varying th_e
flectivity p, the amplitude of the pressure variation should beexperimental data in their uncertainty range. Results of fit-
computed a$(1—p) PamBn+1/V2T amd-ga4gl- ting are shown in Fig. 3. It is seen that the measured ampli-
The mechanical piston could have significant contribu-tude of the PA signal can be well fitted with the results
tion to the photoacoustic signal for a liquid sample. In thiscalculated from the theory. The relative mean-square devia-

case,dp,, can be calculated using the following formula: ~ tion is only 1.5%.
The thermal conductivity of a 484.5-nm-thick thermally

grown SiG film on a Si substrate is measured by fitting the
phase shift and the amplitude of the PA signal. The thermal
conductivity of the SiQ layer is found to be 1.52
IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS +0.08W/mK by fitting the phase shift data and 1.44
+0.1 W/mK by fitting the amplitude data. These results are
The formulas derived above can be used to determinglose to the thermal conductivity data of thermally grown
the thermal properties and geometry of either the front o15i0, films obtained by Okuda and Ohkuboywhich is 1.55
buried layers, and thermal contact resistance between layeyg/m K. Results of fitting are shown in Figs. 4 and 5, with a
by fitting the experimental PA signals. When the surface ismean-square deviation of 0.38° for the phase shift data and a
absorbing, these formulas can also be used to determine theso relative deviation for the amplitude data.
optical properties. Based on the equations derived in this  For the two samples mentioned above, thermal contact
work, a computer code is developed to calculate the PA reresistances are also treated as variable parameters. It was
sponses, and the least-square method is used to fit the expefdund that the thermal conductivity and the contact resis-
mental results and find the unknown properties. In order tqance influence the computational results independently; no
evaluate the theoretical model developed in Sec. Il, photoamultiple solutions exist. Other parameters, such as the thick-
coustic Signals are measured as a function of the mOdU'atiQﬁbss of the samp|es are fixed in the calculation since they
frequency for a number of samples, and the data are fitted t@ere accurately measured using other techniques. The ther-
obtain their thermal properties. mal contact resistances in these two samples are found to be

pamlBN+1 ej(wt—7/4)

~ N

np li ~

dpm= LambE J BT,i 0, ,st- (23
g 1=0Jlj_4

Phase shift (deg)
~
o

Phase shift (deg)
©
o)
T

72 Fitted results 100 b Fitted results
74 F * Experiment e 102 | + Experiment e
76 | 1 104 | ]
-78 1 Ll L L L 3 -106 I I A I L L
0 5x10°  1x10* 1.5x10* 2x10* 2.5x10* 0 5x10°  x10* 1.5x10° 2x10* 2.5x10*
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FIG. 4. Phase shift as a function of the modulation frequency for theFIG. 6. Phase shift as a function of the modulation frequency for A@3-
Ni/SiO, /Si sample. thick Ni film coated on glass.
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negligible (less than 10° m? K/W). Another sample used in V. CONCLUSION
an e-beam evaporated 1.03m-thick Ni film on a 1-mm-

. . ) . In this work, a generalized model for the photoacoustic
thick glass slide. For this sample, the thermal conductivity Ofe_ffect is developed. This model can be used for materials

the Ni film and the thermal contact resistance between the Ny, myltilayers, all of which might absorb incident radia-
film and the glass slide are treated as two variable parany,, and hetween which thermal contact resistance can exist.
eters. Using phase shift fitting, the thermal conductivity of IS\ith this model, PA spectroscopy with the unique capability
found to be 1.1720.08 W/mK, and_tye 2therma| contact ré- ot nerforming depth-profile analyses can be used to its full
sistance is found to be 5.30L.8x 10" "m"K/W. Validation ~ qentia in the study of multilayer, nonhomogeneous sub-

of these two values with literature data is_not poss_i_ble SiNCQtances. In addition, the composite piston model of the PA
they strongly depend on sample preparation conditions. Thggect is derived based on the thermodynamics principles,
fitting results are shown in Fig. 6, with a 0.2° mean-squargyich clarifies the physical meaning of the action of each
deviation. Thermal conductivities of a number of other thin yiqio The compression process of the thermal piston is con-
films are also obtameq, all with good fitting between theg. o4 to be isochoric by experimental data, and the com-
measured and theoretical dafaResults of these measure- pression process of the mechanical piston is found to be
ment; ver!fled the validity of the theoretical model devel'polytropic with a factor of (2-1/y). The model developed
oped in this work. L in this work is verified by measuring thermal conductivity
The PA model developed in this work can also be used,,q thermal contact resistance of a number of samples, and

for a single layer having nonhomogeneous thermal or optical,,q agreements are obtained between the measured data
properties. This is done by treating the nonhomogeneousq ihe available literature values

portion with a system of homogeneous plane layéfsOn

the other hand, in a multilayer thin film system, not all the
layers have to be considered if heat does not penetrate inRICKNOWLEDGMENTS
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