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A new, powerful, and experimenally very convenient spectroscopic technique is described. The technique uses pyro-
clectric polyvinylidene difluoride (PVDF) thin film detectors in contact with solid or liquid samples. The instrumental
and spectral characteristics of photopyroelectric spectroscopy (PPES) are presented, and its advantages over conventional

photoacoustic spectroscopy (PAS) are discussed.

1. Introduction

Photoacoustic spectroscopy (PAS) has been used
extensively in recent years with conventional micro-
phones and piezoelectric detectors as signal trans-
ducers. The commonest piezoelectric transducers are
usually made out of piezoelectric ceramic (e.g. lead
zirconate titanate, PZT {1-3]). These ceramics ex-
hibit 2 much higher frequency response than micro-
phone transducers, and thus they became dominant
in photoacoustic applications where fast transducer
response is required, such as pulsed laser PAS [4].
Very recently Tam and Coufal [3] and Coufal [6]
used polyvinylidene difluoride (PVDF) thin film
piezoclectric transducers for pulsed and modulated
photouacoustics. These films have distinct advantages
over PZT transducers, the most important of which
being their much higher, essentially flat frequency
response between dc and tens of MHz [7]. In addi-
tion to piczoclectric behaviour, PVDF thin films
(Pennwalt KYNARTM) exhibit strong pyroelectric
properties [8] and. therefore, they can be used as de-
tectors of thermal radiation. Coufal [6] utilized the
pyroelectric character of 9 um thin PVDF films to
obtain pulsed and low modulation frequency spectra
of Nd;0 doped poly(methyl methacrylate) films.
That application opened the way to the possibility
ol a new spectroscopic technique using pyroelectric
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films to detect optical absorption and non-radiative
energy conversion processes in condensed phase
matter. This paper is concerned with experimental
studies aimed at demonstrating the potential of pho-
topyroelectric spectroscopy (PPES) as a new, simple
and sensitive spectroscopic method for the in situ
study of physicochemical processes. Such processes
may involve complex sample geometries which can-
not be easily handled by conventional photoacoustic
devices. Photopyroelectric data presented in this
work suggest that PPES has distinct advantages over
PAS.

2. Experimental
2.1. Photopyraelectric cell characierization

Fig. 1 shows the photopyroelectric sample cell
design which was used for the present studies. The
teflon cell was enclosed in aluminum foil to minimize
ambient electromagnetic interference. The output
of the cell was directly connected to the input of a
variable gain ITHACO preamplifier (mode! 1201).
The experimental assembly is shown in fig. 2. The
photopyroelectric cell was first tested as an optical
radiation detector. A thin layer of Xerox Toner black
powder (=1 um) was spread on the 28 um thick
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Fig. 1. Photopyroelectric cell with a 0.5" X 0.25"” PVDF
sample holder. (A) Teflon cell. (B) 25 um thick PVDF film
(Pennwalt KYNAR 5380-11-8 Piezo Film). (C) Teflon sup-
port. (D) Solderable copper foil electrodes with conductive
adhesive. (E) Silver wires.

Pennwalt KYNAR PVDF film, which was located at
the bottom of the cell as part of the sample chamber.
Strong PPES signals were thus obtained throughout
the whole UV—VIS spectral region (260—920 nm) of
the xenon lamp.

The resulting spectrum (amplitude and phase) is
similar to the one obtained photoacoustically using
an EG&G PAS cell model 6003. The PPES phase,
however, is essentially flat and constant throughout,
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Fig. 2. Photopyroelectric experimental apparatus. Both
broadband Xe lamp and He—Ne laser source are shown.
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whereas the PAS phase varies continuously by a few
degrees from 250 to 900 nm due to phase shifts con-
tributed by the complex microphone electronics. The
frequency response of both cells is shown in fig. 3.
The upper limit of the response is set by the mechani-
cal chopper. The frequency response of the PPES
cell, fig. 3a, exhibits essentially two linear regions.
one below 50 Hz with a slope of —9.98 £ 0.03, and
one above 50 Hz with a slope of —1.5 £0.1. This be-
havior is to be compared with the EG&G PAS cell
frequency response curve fig. 3b. The photoacoustic
cell exhibits non-linear Helmholtz-resonant behavior
above 400 Hz. These resonances are difficult to
eliminate from any microphone PAS chamber [9]
and can seriously complicaie frequency-domain
studies of condensed matter specimens.
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Fig. 3. (a) Frequency response of photopyroelectric cell
using a 2 mW He—Ne laser flight source. Pre-amplifier gain:
10. Preamplifier high pass 3 Hz; low pass: 3 kHz. (b) Fre-
quency response of EG&G PAS cell (model 6003) usinga 2
mW He—Ne laser light source. (c) Frequency response of Cu
plate after oxide removal. Light source: 2 mW He-Ne laser.
Pre-amplifier gain: 5000.
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2.2. Spectroscopic, chemical and materials PPES
studies

Ho503 powder was used ., mixed with tap water as
a paste, so as to achieve a good thermal contact with
the PVDF substrate film. Ho,05 exhibits sharp ab-
sorption lines in the UV-—-VIS region and can be used
to test and calibrate the photopyroclectric cell. The
signal amplitude at 11 Hz, noimalized by the Xe
famp spectrum, is shown in fig. 4a. The spectrum is
identical to published PAS spectra of Ho,05 powders
[10] within the spectral resolution limitations of the
slitwidth used for this experiment (2 mm slitwidth;
8 nm resolution). Fig. 4b is the normalized PPES sig-
nal of the Ho504 paste taken at 530 He. The ampli-
tude and the phase conelate with cach other and.,
upon compaison with fig. 4a. they are scen to anti-
correlate with the features of the spectium taken at
11 Hz.

The photopyroelectiic probe was also used to
monitor the Kinetics of the chemical reaction:
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1ig. 4. (a) Photopyroeelectric spectrum of Ho,03 powder
mixed with water. Chopping frequency: 11 Hz, Pre-amplifier
rain: 500. Monochromator resolution: 8 nm. (b) Photopyro-
electric spectrum (amplitude and phase) of Ho,03 sumple at
50 Hz. Pre-amplifier gain: 1000. Monochromator resolution:
8 nm.
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CuO + 2H" — Cu?* + H,0. (1)

A 0.34 mm thick Cu plate was oxidized thermally,
so as to form a dark, thin oxide film on the surface.
The sample was then mounted between the holder
opening and the PVDF film (i.c. between A and B in
fig. 1). Physical contact of the pyroelectric with the
back of the sample was achieved with the teflon
buacking plate C. lig. 1, and plastic screws. The
oxidized copper specimen was further illuminated
with a He—Ne laser 2t 632.8 nm and the lock-in out-
put at 10 Hz was recorded. Reaction (1) was initiated
upon introducing into the sample chambera 0.1 M
solution of HCL Fig. 5 shows the time evolution of
the PPES signal amplitude from the start of the reac-
tion (¢ = 0) to its completion. Visual inspection
showed metallic copper after =4 min. The lock-in
output was essentially constant beyond this time. The
discontinuity observed in fig. 5 at r <0 is duc to the
sudden loss of the PPES signal immediately after the
introduction of the dilute HCl in the chamber. After
the recovery (=30 s) the earliest recordable signal
was already lower than the pre-mixing signal level by
= (e,

Fig. 3¢ shows the frequency response of the metal-
lic copper plate after the removal of the CuO. This
curve exhibits a “knee™ at =50 Hz, which was seen
to be characteristic of the cell response. It also ex-
hibits a clear break between 300 and 350 Hz with a

subsequent change in the slope. By analogy 1o photo-
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Fig. 5. Kinetics of eq. (1) monitored via photopyroelectric
spectroscopy at 632.8 nm. Chopping frequency: 10 Hz. Pre-
amplifier gain: 5000. Lock-in time constant: 1 s.
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acoustic spectroscopy. the thermal diffusion length

K¢y, in the copper can be assumed equal to the plate
thickness at the break frequencies, i.e. for 300 </fp

<350 Hz[11]:

bey(fy) = (‘:"Cu/"'fh)”2 ~Lcy. (2)

Eq. (2) gives the thermal diffusivity o, of copper
within the range

1.09 < ag, < 1.27 em?Ys.

This value range is in agreement with published values
of ag-, using photoacoustic determination methods

[11.12].

3. Discussion

The experimental results demonstrate the cssenti-
ally thermal character of PPES. The PVDF Kynar
films have been shown to be highly sensitive spec-
troscopic detectors in accordance with preliminary
results by Coufal [6]. The basic mechanism of opera-
tion of this new spectroscopy is the pyroclectric ef-
fect: When the temperature of the sample—PVDF
film interface increases by an amount A7 due to non-
radiative relaxation processes {ollowing optical ab-
sorption, the polarized film aligns its polar constituent
crystallites along the temperature gradient field. thus
producing a net dipole moment which results in a
pyroclectric valtage given by [8]

AV(w) = (PL[€)AT(w), (3)

where p is the pyroelectric coefficient of the film,

3 X 1079 coulomb/em?2 K, L is the film thickness. e
is the film diclectric constant, (1.06—1.13) X 10-10
F/m, and w is the angular frequency of modulation
of the incident radiation.

The spectra obtained using this technique are of a
quality similar to that of PAS. In fact PPES is related
to photoacoustic spectroscopy in the sense that for a
given sample geometry, PPES monitors the thermatl
energy transmitted to the substrate and gives a signal
output proportional to the temperature of the inter-
face between the sample and its backing. On the
other hand, PAS monitors the thermal energy diffused
to the sample surface and gives a signal output propor-
tional to the spatial integral of the surface tempera-
ture [13]. It is, therefore, expected that PPES should
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be capable of providing more direct information
about the sample than PAS which is an integrated
and, therefore, an indirect technique. The phase pro-
file obtained using a thin layer of Xerox Toner black
powder is subject to optical absorption coefficient
saturation considerations which are similar to those
of PAS. The spectral feature reversal of figs. 4a and
4b can be understood qualitatively in terms of the
simple mechanism proposed above. At low chopping
frequencies for which the sample is thermally thin
(1 > L), thermal eneigy diffuses into the backing
PVDF film and gives rise 1o a pyroclectric signal.
Opaque spectral regions, such as those between 435
and 500 nm of Ho,0;. produce large amounts of heat
due to their high absorption coefficient values. Non-
radiative de-excitation processes then gencrate a
larger PPES signal than that obtained from optically
transparent spectral regions. Upon a spectral scan this
signal produces a replica of the absarption spectriun
of the sample, such as the one shown in fig. 4a. When
the chopping frequency increases 10 levels such that
the sumple is theimally thick (g, < /1), only trans-
parent regions can produce a pyroelectric signal
through light penetration across the sample thickness
and direct absorption by the backing PVDF film.
Such a transparent region is in Ho,Q5 between =360
and 630 nm. Strongly absorbing sﬁcc-l ral regions retain
the thermally converted optical energy close to the
sumple surface. as the condition p, </ prevents ther-
mal communication with the backing. Such regions
do not contribute to the generation of pyroelectric
signals. Therefore. upon a spectral scan the pyroclec-
tric effect producges a counter-spectrum. similar 10 a
transmission spectrum, with strong signals at truns-
parent regions and weak signals at opaque regions,
such as shown in fig. 4b. The exact peak-by-peak
anti-correlation of the spectra in figs. 4a and 4b
demonstrates that at 11 Hz the Ho,0; paste is ther-
mally thin, whereas at 50 Hz it is essentially ther-
mally thick. It may be concluded that PPES can be
used as a conventional spectroscopic technique only
at low chopping frequencies, or with very thin samples,
so that the condition u, > L is valid. This is a restric-
tion absent from photoacoustic spectroscopy, how-
ever, it is expected that an important contribution of
PPES will arise in the study of thin film processes,
such as the anodic growth of films on electrodes at
the electrode—electrolyte interface. Physico-chemical
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interface processes cannot be studied efficiently

using conventional microphone photoacoustics due

to the exponential damping of thermal waves within
the bulk of the upper medium [13]. Piezoelectric
PAS can monitor such processes as a second-order ef-
tect. because the generation and launching of acoustic
waves originating from thermal waves is required.
PPES is sensitive to the thermal waves within the
lower medium, i.e. it has the advantage of a first-
order effect. The CuO experiment, summarized in fig.
5. substantiates the sensitivity of PPES to interfacial
chemical processes and its power as a tool for kinetic
studies which are otherwise difficult to monitor due
to the complex, in situ requirements of the experi-
mental configurations involved. The reaction rate con-
stant of eq. (1) cun be calculated approximately from
the kinetic information of fig. 5. assuming a simple.
first-order kinetic behavior of the form

[CuCB], = [CuO], exp(—k1). 4)

Eq. (4), when fitted to the data of fig. 5. yields the
following average value for k:

k=(155£06)X 107351,

Photopyroelectric spectroscopy can also provide ad-
ditional information concerning thermal parameters
of materials. as shown in fig. 3c. This capability ap-
pears to be of a degree similar to that of conventional
photoacoustic spectroscopy.

Perhaps the most important advantages of PPES
over other photothermal spectroscopies are the al-
most trivial ease of its implementation and the large
amount of freedom allowed the experimenter re-
garding sample preparation, size. chemical and physi-
cal condition and pre-treatment.

In conclusion, a new spectroscopic technique,
photopyroelectric spectroscopy, has been tested and
characterized with respect to its spectral, chemical.
and materials research capabilities. It was shown to
be potentially more valuable than PAS (microphone
and piezoelectric) for condensed phase samples. es-
pecially those involving complicated geometries. The
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main advantages of PPES are its extreme simplicity,
sensitivity, in situ non-destructive probing ability. di-
rect (i.e. first-order) cause—effect signal interpreta-
tion, and adaptability to practical restrictions im-
posed by experimental system requirements.
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