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Abstract. Non-destructive testing d multilayer dielectric coatings (SiOn/TiOn 
structure) has been carried out using the photoacoustic technique. This 
technique makes use d a 10 mW He-Ne laser, a photoacoustic cell and a lock-in 
amplifier. The chopped H%Ne laser beam is ailowed to fall on the sample 
placed in a photoacoustic cell. The acoustic signals thus generated are detected 
using a microphone and the resulting output is processed by a lock-in amplifier. 
The amplitude and phase of the signals were measured as afunction of the 
chopping frequency. Striking step-like variations are observed in me phase 
against frequency plot which dearly reveals the different layers present in the 
multilayer structure. 

1. Introduction 

The photoacoustic (PA) effect has been proven to be an 
effective and sensitive tool in studying optical and ther- 
mal properties of solids, liquids and gases. By using the 
PA technique one can obtain quantitative information 
on the sample properties such as the thermal diffusiv- 
ity, optical absorption coefficient or thickness of a thin 
film specimen. In addition, by changing the chopping 
frequency of incident radiation, it is also possible to 
obtain a depth profile analysis of some of these proper- 
ties. At high chopping frequencies, information about 
the sample near the surface is obtained while at low 
chopping frequencies, sample properties from deepcr 
within become accessible. This is a feature unique to 
the PA technique. Another important aspect of the tech- 
nique is its capability to measure the optical absorption 
of opaque samples. 

The depth profiling capability of the PA technique 
can be exploited advantageously to study multilayer di- 
electric thin films coated on a substrate. Such periodic 
multilayers are extensively used as optical filters and 
laser mirrors. Ageing of multilayers will sometimes de- 
stroy the quality due to interlayer diffusion. The PA 
technique can thus effectively monitor the number of 
layers coated or it can be used to check whether there 
is a reduction in the effective number of layers due to 
such a diffusion process. The present paper deals with 
this aspect of the PA technique taking two representative 
multilayer thin film structures, namely 13 and 7 layers of 
Si02 and Ti02 coated alternately on quartz substrates 
which act as highly reflecting mirrors at 632.8 nm. 

In order to understand the principle of depth profil- 
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ing using the PA technique, consider a double layer thin 
film structure wqth a thin non-absorbing top layer and an 
optically and thermally thin bottom layer. The photo- 
acoustic signal of such a structure is given by (Adam 
and Kirkbright 1977) 

where /.3 is the absorption coefficient of the top layer, 
p the density, c the specific heat, w the chopping fre- 
quency, p the thermal diffusion length of the bottom 
layer and x is the thickness of the upper layer. It is 
seen that the presence of a top layer causes a decrease 
in the signal and introduces a phase lag 

$7 = x/p. ( 2 )  

The additional phase lag II, in the PA signal will thus de- 
pend on the thickness of the top layer and the phase of 
the signal is quite sensitive to the presence of a bound- 
ary layer in a layered structure. This property of the 
PA technique was exploited by Adam and Kirkbright to 
determine the thickness of a polymer film on a cop- 
per substrate, while Baumann and Tigner (1985) used 
the technique to determine the thickness of a buried 
layer. In addition, Mandelis el a1 (1979) discussed the 
utility of PA measurements in evaluating other material 
parameters. However, in all the reported studies the 
number of layers employed is very few (two or three). 
A detailed account of PA depth profiling has been given 
by %m (19%). In the present paper we demonstrate 
the feasibility of the PA technique to characterize a stack 
of multilayer films. 
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Figure 1. Log frequency against log amplitude for carbon 
black. 

2. Experimental set-up 

The photoacoustic cell used in the present study is a 
non-resonant type. The PA signal was detected using 
a sensitive microphone (KnowIes-1834), the output of 
which was fed to a lock-in amplifier (EG & G Model 
5101) in which the phase of the signal can be measured 
with an accuracy of - 1’. A 10 mW He-Ne laser 
(Spectra Physics) was used as the excitation source. The 
laser beam was modulated using a mechanical chopper 
and the phase and amplitude of the PA signal were 
measured as a function of the chopping frequency. The 
response of the PA cell to the incident radiation was 
evaluated using carbon black as the sample (figures 1 
and 2). Samples having 13 and 7 layers (X/4 thick 
at 632.8 tun), stacked alternately with Si02 and Ti02 
films on quartz substrates were used in the present 
investigation. The entire experimentation was repeated 
with an auto setting lock-in amplifier (EG & G Model 
5208) giving a phase accuracy of 0.01O to confirm the 
validity of the results and to ensure no instrumental 
dependence. 

3. Results and conclusion 

Figures 3 and 4 show the dependence of the amplitude 
q and phase $ of the PA signal with modulation fre- 
quency of the laser beam. Striking step-like variations 
in the phase plot due to phase lag at layer boundaries 
are clearly seen, unlike in the case of corresponding 
slope changes in the frequency dependence of signal 
strength. It is to be noted that figures 1 and 2 do 
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Figure 2 Frequency against PA signal phase for carbon 
black. 

not reveal any type of discontinuities at the same res- 
olution which rules out the role of any experimental 
artifact in the present results. Evidently the number 
of steps in the phase plot exactly matches the num- 
ber of layers in the thin film structure. Furthermore, 
variations in the relative thickness of different layers 
are clearly discernible from the plot. This leaves no 
doubt as to the origin of these step-like variations in 
the phasefrequency plot of the PA signal. However, 
the relationship between the film thickness and phase 
lag need not be the simple form given in equation 
(2), apparently due to the complexity of PA generation 
in multilayer films of this type. Multiple reflections 
occurring in the thin film sublayer greatly enhance 
the effective optical absorption taking place in each 
layer and consequently one can no longer treat the 
sublayers as ‘optically thin’. The effects of multiple 
reflections and interference on thermal waves (Opsal 
and Rosencwaig 1982) also have to be taken into ac- 
count to obtain a correct theoretical picture of the 
actual phase lag produced from the multilayer struc- 
ture. Detailed theoretical treatment of the PA effect 
in multilayer films is in progress. The scope of the 
present paper is essentially to enumerate the number 
of sublayers in a multilayer film which might indi- 
cate any possible interdiffusion, defect structures, etc, 
brought about during the deposition process and by 
ageing. The present work thus shows that the phase 
dependence of the chopping frequency of the PA sig- 
nal is more sensitive than the dependence of PA signal 
amplitude on chopping frequency when a large num- 
ber of layers are present in the thin film structure. 
Inadequacies in existing theories to deal with the PA 
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l o g  Ircq"" - 
Figure 3. (a) Log frequency against log amplitude for 7 
layer SiOn/TiOz structure. (b) Log frequency against log 
amplitude for  13 layer SiOz/TiOz structure. 

effect in multilayer structures are also indicated. 
In conclusion, it has been demonstrated that photo- 

acoustics is an ideal technique to probe and analyse 
multilayer stacks non-destructively. 
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Figure 4. [a) Frequency against PA signal phase for 7 
layer SiOr/TiOz structure. (b) Frequency against PA signal 
phase for  13 layer Si02/Ti02 structure. 
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