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INTRODUCTION

There are several methods available to the
researcher interested in investigating the
differences in composition at different
depths in a sample. These techniques
include attenuated total reflectance (ATR),
diffuse reflectance (DRIFTS) and infrared
microscopy. Another method available for
depth analysis of samples is photoacoustic
spectrometry (PAS). Photoacoustic spec-
trometry requires little sample preparation
and samples can be measured in bulk form
without the need to modify (grind, slice,
etch), eliminating the possibility of inducing
changes in the sample. Photoacoustic
spectrometry can be used to characterize
coatings, weathered surfaces, surface 
oxidation, segregation in polymer blends,
surface morphology or multilayer laminates.

Photoacoustic spectrometry allows for
the investigation of layered samples by 
collecting spectra utilizing various inter-
ferometer mirror velocities. The effect of
changing the velocity from high to low
allows spectral information from deeper
within the sample to be measured. The
photoacoustic signal is inversely propor-
tional to the mirror velocity. Performing
this experiment with a linear scan velocity
can provide some depth profile information
on a sample. A limitation is that for a 
spectrum collected with a single scan
velocity, every spectral feature is modulated
at a different frequency, so a single spec-
trum is composed of information from 
different depths within the sample. In 
varying the scan velocity and collecting
multiple spectra, a depth profile of sample
composition can be obtained but only for a
limited spectral region.

Photoacoustic spectrometry can provide
more useful information about a layered
sample when it is combined with phase
modulation step-scan spectroscopy. Since
spectra can be collected at a single modu-
lation frequency, discrete depth informa-
tion is obtained. Detailed articles on the
theory of depth profiling infrared photoa-
coustic spectrometry using a phase 

modulation step-scan FT-IR spectrometer
can be found elsewhere.[1-3]

The relationship between penetration
depth (µs) and phase modulation frequency
(ƒ)for a homogenous material is:

µs α (1⁄ƒ)1⁄2

Other parameters which affect penetra-
tion depth are sample dependent; density,
thermal conductivity and specific heat. The
penetration depth and photoacoustic signal
intensity are both inversely proportional to
the phase modulation frequency. The 
photoacoustic signal is a complex function
dependent upon the incident energy,
absorption coefficient, surface morphology
and penetration depth. In a carefully 
performed experiment, a variation in the
phase modulation frequency (PM) results
in the production of spectral information
from various depths in the sample. As the
phase modulation frequency is reduced,
thermal waves are generated from deeper
within the sample. For some samples,
spectral measurements can be made at
several different phase modulation 
frequencies and depth profile information
can be collected from a layered sample.
Other samples may require that a phase
analysis be performed on the simultane-
ously collected signals that are in-phase
and quadrature to single phase modulation
frequency. Utilizing the optimal combination
of PM frequency and phase angle for the
data collection, separate spectral informa-
tion can be determined for surface and
subsurface layers.

The experiment illustrated involves the
measurement of several layers in a sample
of a multilayer film. The phase modulation
frequencies are varied in a systematic 
manner to produce spectral information
from the various components in the multi-
layer film. Spectra are obtained on a layer
that is below the surface layer of the 
sample without the need to modify or
remove the surface layer. Results of post-
processing the simultaneously collected
in-phase and quadrature photoacoustic
spectra are illustrated to show the quality 

of information that can be obtained on a
multilayer film.

EXPERIMENTAL

Photoacoustic spectra were collected on
a Magna-IR® System 850 infrared spec-
trometer which was operating in a phase
modulation step-scan mode. An MTEC
Model 200 photoacoustic cell with helium
carrier gas was used to obtain all spectra.
Simultaneous in-phase and quadrature, 
8 cm-1 resolution double-sided interfero-
grams were collected at each phase 
modulation frequency. Each spectrum was
ratioed against a reference spectrum 
(carbon black) and collected at the same
phase modulation frequency and amplitude.
The sample used to illustrate depth 
profiling was a 10 mm disk of DuPont
Kapton® polyimide film (300FN929),
which consists of a 50 µm polyimide layer
between two 12.5 µm layers of Teflon.

RESULTS AND DISCUSSION

Photoacoustic spectra are direct measure-
ments of the sample absorbance.
Interpretation and spectral search methods
are performed on photoacoustic data in a
similar manner as absorbance spectra. 

Figure 1 illustrates a photoacoustic
step-scan spectrum of the Kapton film
measured at a phase modulation frequency
of 500 Hz, and a transmission reference
spectrum of Teflon®. At a phase modulation
frequency of 500 Hz, the photoacoustic 
signal arises from the surface layer, Teflon,
of the multilayer film. 
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Figure 2 illustrates the 200 Hz phase
modulation simultaneously collected 
in-phase and quadrature spectra of the
multilayer film. Both the in-phase and
quadrature spectra contain spectral infor-
mation from both of the layers comprising
the composite film. 

Figure 3 illustrates the effect of 
performing a phase rotation analysis on
the in-phase and quadrature spectra in
Figure 2. Phase rotation was performed to
maximize the spectral features of the 
surface phase (Teflon) and the bulk phase
(polyimide). 

Figure 4 compares the phase rotated 
photoacoustic spectrum of the bulk phase
of the Kapton film (polyimide) to a refer-
ence spectrum of polyimide. There is good
agreement between both spectra, except
for a region around 1200 cm-1, which is
due to strong absorption by C-F stretching
bands in to the surface layer of Teflon,
which is a thermally thick material. The
spectra illustrate that information can be
obtained from discrete layers in a film
without the need to modify the sample.

CONCLUSIONS

Phase modulation step-scan photoacoustic
spectrometry has been demonstrated as a
technique to depth profile multilayer films.
Spectra were obtained that illustrate 
various depths in the sample, surface and
subsurface layers. The spectrum of an
underlying layer in a film was obtained
without the need to alter the film to
remove a surface layer. Phase rotation
analysis on the simultaneously collected
in-phase and quadrature spectra illustrate
the extensive information that can be
obtained from phase modulation step-scan
photoacoustic spectrometry. Application of
this nondestructive technique can lead to
depth profile spectral information for a
wide variety of sample types.
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