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The use of pyroelectric sensors for the detection of radiation induced thermal wave phenomena (the
photopyroclectric effect) is reviewed. These sensors are compatible with most media—UHYV, air, most
liquids and solids—and have the potential for picosecond time resolution combined with a tremendous
sensitivity. At first the signal generation process in such a sensor is briefly described and the importance
of the ferroelectric material properties highlighted. The use of these devices as detectors of radiation-
induced heating is then discussed in the time-resolved, and frequency-domain modes of excitation and
detection and in a variety of spectral regions from radio waves to X-rays, electrons, ions and neutral
particles. Condensed phase applications emphasizing the versatility and the unique properties of these
detection schemes, as well as their inherent limitations will be presented. Typical applications in the
thermal analysis and spectroscopy of thin films and the non-destructive evaluation of electronic materials
are reviewed. Recent developments and future needs are finally discussed.

1. INTRODUCTION

Exposure of a sample to any form of radiation causes local heating via absorption
and subsequent thermalization of energy. If the incident radiation is modulated or
pulsed, a transient heat source is generated in the sample. Thermal waves and,
due to thermal expansion, acoustic waves are launched into the sample under study
and interact with the sample before being detected by one of the numerous detection
schemes available nowadays.!-* This radiation induced heating is detected with
acoustic transducers, whence the name photoacoustic (PA), or by other detection
schemes, such as radiometry or laser beam deflection. In the latter case the tech-
nique is frequently referred to as photothermal (PT) even when electrons, ions or
neutral particles are used for excitation. These PA and PT methods are ideal for
the spectroscopic or thermal analysis of thin films, surfaces, and bulk materials.
Among the detection schemes, a recently developed pyroelectric sensor*~# com-
bines, in an unique way, extreme sensitivity (10 pJ) with highest possible time
resolution (100 ps) at low cost ($0.10). This detector has been utilized for a large
number of applications over a wide temperature (16K—400K) and pressure (1013
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bar-30 bar) range in solid>-® gaseous as well as in liquid media.®!° In the following
sections, the signal generation as well as the detection process with pyroelectric
sensors of this type are briefly described. Particular emphasis is put on the dramatic
influence of external detection electronics on the observed signals and the various
photopyroelectric detection schemes. Design considerations and various available
electret materials are then analyzed. After a discussion of the operating charac-
teristics of these sensors, examples highlighting the versatility and the unique prop-
erties of this detection scheme are discussed. Finally, recent applications of electret
sensors in the thermal analysis and spectroscopy of wide ranges of condensed phase
materials are reviewed.

2. SIGNAL GENERATION AND DETECTION

The most convenient way to discuss the observed effects!! is to describe the electret
sensor by its pyroelectric coefficient p(z, t), where z and ¢ describe the depth and
temporal dependence, respectively; sample and sensor are assumed to be homo-
geneous in the x and y directions. A change 6(z, t) of the temperature distribution
in the electret, relative to a reference temperature distribution, Ty(z, £,),

Oz, t) = T(z,t) — To(z, ty), (1)

causes a change in polarization. In an electret film of thickness L, metallized on
both faces, as shown in Figure 1, such a temperature change induces an electric

charge O(r)
00) = 1 | pz. 08 1) dz @

on the electrodes. An appreciable time dependence of the pyroelectric coefficient
is only observed for large temperature variations or after long periods of time have
elapsed. For the rest of the discussion we will, therefore, assume that the pyro-
electric coefficient is not time dependent on the scale of the experiment. The
observed charge Q(¢) is then proportional to the overlap integral of the temperature

———Electret

Electrodes

FIGURE 1 Schematic of pyroelectric sensor element with face-on electrodes.
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distribution @(z, ) with the polarization profile p(z). Two types of polarization
profiles are of particular interest and greatly simplify the discussion of Equation
2.2 The first one is an electret that has a surface charge or polarization, but is
otherwise unpoled, the second one is a sensor which has a completely homogeneous
polarization.

For an unpoled film with an electrical charge at the surface of the electret at
z = 0 it can be shown that®:

(3

The induced charge is proportional to the temperature at the surface of the sample,
and the electret can be used as a thermometer for surface temperatures. By poling
a well-defined layer within an electret obviously the temperature at that depth can
be probed. A homogeneously poled film can, of course, be described as a super-
position of narrow polarization profiles. Selected depths can then be probed by
narrow electrodes at the edge of the sensor.!?

For homogeneous polarization the pyroelectric coefficient p is a constant. The
observed charge is then proportional to the average temperature change in the
film. The change ®(z, ¢) of the temperature distribution in (1) is associated with
a change A(r) in the heat content of the electret film, so that, assuming that the
material parameters are temperature independent, and that the pyroelectric ma-
terial is homogeneous, the induced charge is proportional to A(¢):

o) = chL A®D). 4)

If heat loss from the pyroelectric element into the surroundings can be neglected,
the element is in fact a pyroelectric calorimeter. This condition can be met, for
example, by placing a thin sample on a large, self supporting piece of pyroelectric
foil. The time resolution of the detector itself is only limited by the time required
to convert an input of thermal energy into a change of polarization, a process that
can take place in femtoseconds. The time resolution of the complete sample-
detector assembly is then only limited by the thermal propagation time T, from the
sample surface to the interface with the detector. The temperature at a given
distance ¢ from a pulsed heat source reaches its maximum at a time T, after the
excitation. For one-dimensional heat flow the thermal transit time 7, is determined
by13

€2
= &
where B is the thermal diffusivity of the sample. With a suitable thin film sample
directly deposited onto one of the electrodes of the detector, a time resolution of
the order of hundred picoseconds can be achieved.® With such a sample, essentially
all the energy absorbed by the sample will diffuse into the detector, resulting in
the largest possible signal. This pyroelectric calorimeter is, therefore, the detector
with the best signal/noise ratio of all thermal detection schemes. The time resolution

of the sample/detector combination is independent from the temperature distri-
bution in the calorimeter and limited only by thermal diffusion from the sample

()
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across the interface to the calorimeter. The pyroelectric calorimeter, directly at-
tached to a sample, has therefore the highest possible time resolution of all thermal
detectors. This combination of sensitivity and time resolution in one sensor is a
unique feature of the pyroelectric calorimeter making it the prime choice for pho-
tothermal analysis of thin films.

The signal of the pyroelectric calorimeter is proportional to the average tem-
perature change in the device. If thermal equilibrium is reached between the sample
and the calorimeter and within the calorimeter, the observed signal is proportional
to the sample temperature. The relative magnitude of the thermal transit time
across the sample according to (5) and the thermal transit time across the calorim-
eter, derived by using calorimeter properties in (5), determines in this case the
overall time resolution. For a calorimeter with a thickness of wm the time resolution
as a thin film thermometer will be on the order of ps.

Heat transport is governed by temperature gradients. Heat flow from a heated
source, the sample, to a cold heat sink, the calorimeter, is therefore proportional
to the sample temperature. After the excitation pulse, the heat flow from the sample
into the calorimeter will initially be proportional to the sample temperature and
the calorimeter can serve as an ultrafast thermometer. These arguments are sup-
ported by an extensive computer simulation of the signal generation process. This
simulation showed that the electrical signal from a pyroelectric calorimeter is pro-
portional to the surface temperature of the sample during and immediately after
a short excitation pulse and once sample and calorimeter are in thermal equilib-
rium. ™

With frequency dependent studies being extremely popular for applications, such
as depth profiling or thermal diffusivity measurements, a detailed general one-
dimensional photopyroelectric theory has been developed to account in a quanti-
tative fashion for experimental observations of optical and thermal effects in the
frequency-domain.’> Simplified specialized models have also been developed
to account for thermal property measurements using the photopyroelectric ef-
fect.'6-18 These specialized models are, in principle, special cases of the more
general theory by Mandelis and Zver,'> whose main features are discussed below.

A one-dimensional geometry of a photopyroelectric system is shown in Figure
2. A solid sample, of thickness L, is irradiated by monochromatic light of wave-

(p) chident
Ohmic contact — Light: A, w,
Sample -—
Backing (b) {s) Air(g)
C _(Ls +L ) s 0 ‘)Z+°°
-—
Viw, PR ] -~
Pyroelectric

FIGURE 2 One-dimensional geometry of a frequency-domain photopyroclectric system. See text for
details.'?
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length A, whose intensity is modulated at angular frequency w, by a chopper. The
sample has optical absorption coefficient o,(\) and is in intimate contact with a
pyroelectric transducer thin film of thickness €. The optical absorption coefficient
and pyroelectric coefficient of the detector are a,(\) and p, respectively. The
sample/transducer system is supported by a transparent backing material of thick-
ness large, compared to L, or £. The photopyroelectric cell, unlike the photoacoustic
cell, does not require hermetic closure (open geometry), and the incident light is
assumed to illuminate the sample surface uniformly. Light absorption by the sample/
transducer system and nonradiative energy conversion to heat increases the tem-
perature of the pyroelectric thin film. This temperature increase results in a po-
tential difference between the upper and lower surfaces of the transducer due to
the pyroelectric effect. This voltage V[wg, o,(X)] amounts to an electric signal,
which is measured in the external circuit through the connection of Ohmic leads
to the pyroelectric as shown in Figure 2.

The charge accumulated in the pyroelectric, due to a change ©(¢) in temperature
is given by

q(t) = pO(@). (6)

For a thin pyroelectric film of thickness £, exposed to a sinusoidally varying tem-
perature field, the average ac pyroelectric voltage under no load conditions is given
by

PO, (w .
V(wr) = [—KPQ] explion) )
where
1
ep(mO) = z Thickness, G)p(wo, X) dx’ (8)

K is the pyroelectric sensor dielectric constant, and e, is the permitivity constant
of vacuum (8.85418 x 10'2 C/V—m). O(wy, x) is the ac temperature field in the
bulk of the pyroelectric, a result of heat conduction processes through the radiation
absorbing solid. For the geometry of Figure 2 the field ®(w,, x) can be found from
the solution of coupled, one-dimensional thermal transport equations. Allowing
for the finite optical absorption coefficients o, and o,, and assuming negligible
optical reflection and radiative heat transfer coefficients on the sample surface and
pyroelectric-sample interface,!® the appropriate heat diffusion equations have been
solved, coupled via boundary conditions of temperature and heat flux continuity
at all interfaces.

The resulting full expression for the film-thickness-averaged photopyroelectric
voltage has been evaluated numerically for the amplitude |V (w,)| and phase ®(w,)
of the signal. The following numerical values were used for these calculations: I,
=1Wm2p=3%x10"2C/m?-°K, K = 12, ¢, = 8854 X 10" 2C/V-m, £ =
28 pum, B,= 5.4 x 107® m%sec, k, = 0.13 Wm-°K, k, = 2.38 x 10-2
W/m-°K, B, = 1.9 X 10~>m?sec (g = air), and L, = 50 um. All other parameters
were allowed to vary.

The values for p, K, €, B, and k, were obtained from the Kynar
Technical Manual, Pennwalt Corp., King of Prussia, Penn.?

™

Piezo Film



Downloaded by [University of Toronto Libraries] at 18:01 23 March 2016

384 A. COUFAL and A. MANDELIS

Figure 3A shows the theoretical spectral response to a Gaussian absorption band
centered at 500 nm, with the chopping frequency as a parameter. A spectral in-
version of the absorption amplitude peak at higher frequencies is observed, due
to the interplay in thermal energy contribution between the sample and the py-
roelectric. No inversion occurs in the phase data, which correlates with the am-
plitude for f < 20 Hz, and anticorrelates with it for higher frequencies. These
calculations show that the photopyroelectric voltage is governed by the interplay
between optical absorption in the sample and thermal response of the pyroelectric
transducer. Figure 3B shows experimental results demonstrating the spectroscopic
nature of the photopyroelectric detection in the thermally thin limit and verification
of the spectral inversion features predicted by the frequency-domain theory.5¢

3. INSTRUMENTATION AND MEASUREMENT

Pyroelectric elements have been utilized in photothermal analysis in three basic
experimental configurations, depending on signal generation and detection mode:
pulsed optical excitation of the sample and pyroelectric calorimetric detection (time-
domain scheme); harmonic modulation of the irradiance of the optical source at a
single frequency, and pyroelectric thermometric or calorimetric detection (fre-
quency-domain scheme); and frequency multiplexed excitation, followed by cor-
relation and spectral analysis of input and output signal channels. This latter scheme
involves a group of techniques, which may be viewed as intermediate between
time- and frequency-domain photopyroelectric detection.

3.1. Time Domain Instrumentation

Early instrumentation for the pyroelectric detection of transient optical heating
involved pulsing pyroelectric materials serving as samples (BaMnF, and
Sr.Ba, _ ,Nb,O,),*"?? as well as actual opaque thin samples (e.g., nichrome-coated
Mylar)?? bonded on a pyroelectric transducer, with ms to ns-duration laser pulses.
Those measurements were geared toward the determination of thermal diffusivities
and pyroelectric coefficients. Relatively thick pyroelectric transducers were used,
typically of several mm thickness. The pyroelectric current response was measured,
using the standard detector-amplifier resistive-capacitive equivalent circuit> shown
in Figure 4 and time-domain solutions to the circuit equation?:

DA d

Ci+ Codr 6,(t) %)

t
0

where 6,(t) is the spatial average (with respect to the pyroelectric element thick-
ness) of the temperature in the transducer, A is the active detector area, and 7.
is the electronic time constant of the element-preamplifier system: !

-1
7= RC = i-{—i (Cy + Cp) =68 ps (10)
R, Rp
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FIGURE 3 (A) Photopyroelectric spectroscopic response to a Gaussian absorption band with 0 < «
=< 10° cm ™' as a function of the light modulation frequency: a) Amplitude curves; from top to bottom:
F = 10 Hz, 15 Hz, 20 Hz, 25 Hz, 30 Hz and 35 Hz, respectively; and b) Phase profiles corresponding
to amplitude curves in (a).'s (B) Photopyroelectric spectrum of Ho,O, powder mixed with water.
Chopping frequency 11 Hz (a); and 50 Hz (b). Notice spectral inversions in (b).®
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FIGURE 4 Equivalent electrical circuit of a pyroelectric detector and preamplifier.'

Due to the long observation time intervals usually involved with samples (= 1 ms)
compared to 1., Equation (9) was simplified further:

V(1) = pAR, d%e_p(t‘) (11)

Equation (11) can also be obtained as a special case of the more complete circuit
theory by Coufal ef al.” in the non-calorimetric temporal regime, a result of the
thick-sample and slow-transducer combination typical of the early time-domain
photopyroelectric instrumentation. It is worth mentioning that Byer and Roundy?!
were successful in time-resolving a Q-switched CO, laser pulse using a Sr, Ba, _ ,Nb,O,
pyroelectric detector of 0.1 mm thickness with a 1 M{ amplifier load resistor. This
circuit was shown to resolve risetimes from 1 ms to 4 ns at a significant loss of
responsivity, compared to a much slower detector connected to a 22 M} amplifier
resistance. In general, if fast response to laser-induced radiation pulses is desired,
pyroelectric elements with maximum flat transfer function must be used. This, in
turn, requires minimum 7. Very short electrical time constant can be achieved by
minimizing the pyroelectric element capacitance using an edge-electroded detector,
and/or by minimizing the input impedance, R4, of the amplifier.?® This can only
be done at the expense of reduced signal, Equation (11), and overall responsivity.

In order to achieve sub-microsecond time resolution in photopyroelectric detec-
tion several criteria must be met by the transducer.'® The main requirements are:
low specific heat for operation as an ideal calorimeter; mechanical flexibility in
order to facilitate intimate thermal contact with sample; fast thermal equilibration
accompanied by negligible lateral heat losses; a relatively large pyroelectric coef-
ficient and a small dielectric constant, in order to achieve optimal signals. These
criteria are largely met by thin B-PVDF pyroelectric films, readily available com-
mercially in the pm-thickness range. Further requirements with respect to the
sample geometry involve a thermally thin sample, with the time-dependent thermal
diffusion length longer than the effective sample thickness,>* T — A(M\), on the
time scale of the experiment. Tand A(\) represent geometrical thickness and optical
absorption length at excitation wavelength A, respectively. This criterion stipulates
the use of thin-film samples directly deposited on the pyroelectric transducer.
Finally, specific conditions regarding the design of fast risetime high-impedance
preamplifiers must be satisfied, as discussed below. Signal generation and detection
instrumentation is readily available nowadays, in terms of ns- and sub-ns pulsed
lasers and fast transient digitizers or boxcar analyzers for time-gated detection.
Due to the above-mentioned criteria, most pulsed sub-us time-resolved photopy-
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roelectric work to-date has been performed using thin film samples deposited on
B-PVDF calorimeters. A schematic of a typical photopyroelectric experimental set-
up is shown in Figure 5.

3.2.  Frequency-Domain Instrumentation

Frequency-domain photopyroelectric instrumentation has the virtue of being ex-
tremely simple, yielding high-quality signals with very inexpensive thin-film PVDF
detectors, the detectivity of which is limited by Johnson noise.?® Early work with
optically and electrically heated, coated PVF or PVDF thin films (612 pm) es-
tablished the inequivalence of response to these two excitation modes due to in-
terference by the thermal properties of the black-body coating evaporated on the
transducer to enhance absorptivity.? Significantly, the frequency-response analysis
of pyroelectric signals from both types of thin films over wide frequency ranges
1073-10* Hz) gave information about the substantial degree of polarization non-
uniformity throughout the thickness of the polymeric films.?® Despite recent tech-
nological achievements and progress toward higher grades of poling uniformity,
several problems persist in this area.?” Historically, the first experiments using
laser-induced frequency-domain photopyroelectric detection were performed in
attempts to characterize the transducer itself (a PbsGe;0,; pyroelectric crystal).28
PVDF-based pyroelectric sensors, however, were recognized fairly early as attrac-
tive choices for applications in situations demanding high detectivity coupled with
a broad spectral response and large active areas.? Very recently, novel high-
detectivity pyroelectric detectors based on a bilayer laminate of polymer film (py-
roelectric bimorphs) have been used as photothermal transducers.?® These devices
were found to have a peak detectivity of 6.6 x 108 cm Hz?W -1, twice that for a
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FIGURE 5 Generic pyroelectric photothermal instrumentation, including pulsed optical excitation
and detection.
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single-element PVDF detector. In terms of frequency-domain photopyroelectric
signal acquisition and processing instrumentation, conventional apparatus may be
used (Figure 6).° One advantage of the photopyroelectric frequency response over
the respective photoacoustic curve is the absence of the non-linearities associated
with the acoustic Helmholtz resonances in the latter method.® These resonances
are difficult to eliminate from any microphonic photoacoustic cell*! and can seri-
ously complicate depth-profiling and thermal characterization of condensed matter
specimens. In order to obtain readily interpretable photopyroelectric frequency-
response profiles from thin-film PVDF transducers, operation in a frequency range
f >> (2mwrr)~! is recommended, where 7, is the thermal time constant of the
equivalent circuit, given by*?

T = HIG. (12)

In Equation (12) H is the thermal capacity of the pyroelectric material and G is
the thermal conductance to the surroundings. Typically 7, = 0.1-10 s, for which
fmin >> 1.6 Hz. In this limit the voltage responsivity R, > f~' a familiar trend
shared with other photoacoustic and photothermal detectors.? Figure 7 shows the
effect of the electrical circuit elements on the frequency response of a PVDF
calorimeter.” In the current response mode, the time derivative in Equation (11)
tends to eliminate the 1/f signal dependence, which is present due to the decrease
with increasing modulation frequency of the optical energy input into the pyro-
electric system per modulation period. For non-ideal amplifier/detection electron-
ics, the electrical circuit of Figure 4 yields a frequency-domain photopyroelectric
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FIGURE 6 Frequency-domain photopyroelectric experimental apparatus. Either a broadband source
or a cw laser may be used as shown.®
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FIGURE 7 Frequency response of a pyroelectric calorimeter with a capacitance C, = 600 pF and a
resistance R, = 150 MQ excited by a light source of constant amplitude, but varying frequency. A
lock-in amplifier with 40-pF input capacitance and 100-MQ input resistance was used for detection.
The signal was detected (a) without a load resistor, R = 60 M; (b) with a 12.2-M{} parallel resistor,
R = 10.2 MQ; and (¢) with a 1.065-M(} resistor, R = 1.05 M(Q. For all three cases the respective
corner frequencies and —3 dB points are marked with a (+).7

response in the limit of optically opaque pyroelectric transducer as follows®

_ 2mifpARY,(f) .
V(f) = Wfi)— i (13)

where fr = 1271 and m is the spatial average of the temperature oscillation
in the transducer.!> When the effect of the thermal coupling coefficient between
a thin-film pyroelectric and its supporting (backing) material is taken into account,
the flat region of the frequency responses shown in Figure 7 turns to a maximum?33-34
across the transition region between thermally thick and thermally thin pyroelectric
transducer. '’

3.3. Time-Delay (Frequency-Multiplexed) Domain Analysis

Frequency-multiplexed photopyroelectric excitation and detection is a family of
techniques intermediate between time and frequency domains, which has been
steadily gaining popularity in recent years. A comprehensive review of general
photothermal instrumentation for this group of techniques has appeared else-
where.? Depending on the nature of the pseudo-random photothermal excitation
of a pyroelectric transducer, particular members of this family may be discerned.
The main common advantages of these methods over conventional time- and fre-
quency-domain techniques include their high-efficiency light-intensity modulation
cycle, fast transfer function and impulse-response data acquisition rate, low peak
power delivery with the concomitant substantial increase in optical damage thresh-
old of samples, and relative ease of theoretical interpretation of impulse responses
{i.e., the system Green’s functions themselves, rather than their convolutions). In
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particular, frequency-sweep modulation (FM linear chirp) excitation has exhibited
superior dynamic range in a multiresonant acoustic system (27 dB higher peak
response) over its response to an acoustic pulse.? No such direct comparison,
however, has been reported with photothermal systems.

In applying such techniques to photopyroelectric systems, Coufal*” used a random
number sequence to modulate the intensity of a He—Ne laser beam, so as to excite
thin-film samples deposited on a PVDF calorimeter. In this noise modulation
scheme, the intensity modulation amplitude is expected to be proportional to the
value of a random number generated by a linear congruential sequence at a specific
instant. Fast Fourier transformation (FFT) of the correlated input-output data leads
to frequency-domain recovery of the system response, namely its transfer function
H(f). A similar 28 pum-thick PVDF element was used by Power and Mandelis®
with a quartz sample as a thermal-wave delay line, in order to compare the in-
strumental performance under FM chirp and pseudo-random noise excitation, sup-
plied by an HP 3562A dynamic signal analyzer. Fast signal recovery was achieved
by FFT methods. Both modulation sequences were found to yield high-quality,
band-limited impulse-response information. The pseudo-random noise measure-
ments were much less susceptible to distortions and nonlinearities in the excitation
wave train. The FM chirp, however, showed superior coherence and dynamic range.
Figure 8 shows a typical experimental set-up for frequency-multiplexed photopy-
roelectric instrumentation and impulse-response detection.* When this instrumen-
tation is used with any of the various excitation waveforms discussed above, it
amounts to a spectrometric (i.e., signal-frequency component monitoring) appa-
ratus, which yields information on the relative delay of the system response with
respect to the timing of the input excitation. Therefore, the alternate name of
Time-Delay Spectrometry (FM-TDS) has been adopted in photothermal applica-
tions, as well.

In a recent development, Power introduced amplitude and phase modulation

M \\? V AOM >——'E Art Laser

Z& AQM Driver
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ll> _ Y(T) Disk Storage
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FIGURE 8 FM time-delay photopyroelectric spectrometry apparatus AOM: Acousto-optic modula-
tor; M: Mirror; L: Lens.>®
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(AM-PM) wide-band photopyroelectric spectrometry,*’ a frequency-multiplexed
technique akin to FM chirp spectrometry.

Overall, the FM-TDS method has been shown to exhibit much superior SNR
advantage over other frequency-multiplexed pseudo-random excitation methods,*
when applied as a deterministic waveform, since repeated frequency sweeps and
response functions may be averaged over time to reduce noise by a factor of
1/\/N. Time-averaged coherence functions of PVDF photopyroelectric signals gave
ideal behavior (i.e., unity) from 0-100 kHz, over ten sets of N = 300 averages.
The equivalent coherence function behavior without averaging (corresponding to
nondeterministic pseudo-random excitation) was essentially zero above 10 kHz.

4. SENSORS

A pyroelectric material with optimum thermal and electrical properties has to be
selected and the geometry of the element has to be carefully optimized to achieve
the best overall performance of the detector. These requirements will depend on
the type of excitation (single pulse or periodic) and the mode of application (ther-
mometer or calorimeter). For the following discussion, excitation by one single
pulse is assumed at first. Periodic excitation will be discussed subsequently.

For a thermometer it is crucial that its impact on the temperature to be deter-
mined be negligible. With a calorimeter a maximum temperature increase for a
certain heat input is desirable. In both types of applications the heat capacity of
the detector should therefore be small, i.e., the transducer material should have
a low density and low specific heat. One of the electrical requirements would be
a large pyroelectric coefficient to generate as large a charge as possible for a given
temperature rise. To prevent leakage of this charge, low electrical conductivity of
the pyroelectric material, or a large sensor resistance R, are essential. In addition,
a small dielectric constant of the material is desirable to convert the induced charge
into as high a voltage as possible. A combination of the most relevant thermal and
electrical properties can be represented by a so-called pyroelectric figure of merit.>!
In addition to a large figure of merit, a high Curie temperature, T,, would be
desirable. Operation well below T, would essentially eliminate the temperature
dependence of the pyroelectric coefficient and aging of the sensor material by slow
permanent depolarization. Since the pyroelectric coefficient p is proportional to
the temperature dependence of the polarization, operation of the sensor at tem-
peratures T << T, will result, however, in small signal amplitudes.

Inorganic materials such as barium titanate, lithium tantalate, lithium sulfate
monohydrate or triglycine sulfate are available as pyroelectric ceramics or single
crystals with an excellent figure of merit (up to 15) and a T, of several hundred
°C. These materials are, however, very fragile and hence difficult to handle. Due
to cost of the order of several hundred dollars for an element, the use of these
materials is limited to special applications such as laser power or energy meters.
These materials are bakeable and can be used under UHV conditions without
outgassing problems. “Edge-on” electrodes are sometimes employed in these de-
tectors to obtain very high time resolution.

On the other hand, polymer electrets such as B-Polyvinylidene Fluoride® ($-
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PVDF) are readily available as thin, flexible films with a thickness of several
micrometers at cost of $0.10 per cm? and have acceptable thermal, electrical and
mechanical properties. B-PVDF has a pyroelectric figure of merit of 9.7 and a T,
of approximately 205°C. In addition, it is compatible with most solvents, media
and chemical processes and can be utilized in UHV systems when appropriate
precautions are taken. The only drawback of this material is that its use is restricted
to stationary temperatures below 200°C. In a pulsed mode, however, transient
temperatures up to 900°C can be sustained for several nanoseconds without no-
ticeable degradation of the material.*! The low cost of the detector material allows
disposable detectors, a fact that is of particular interest in routine applications as
a thin film monitor. Large area detectors or large numbers of detectors also benefit,
of course, from the low cost. In the remainder of this paper the emphasis is therefore
placed on B-PVDF as a detector material.

Coated and uncoated poled B-PVDF films are commercially available from Ku-
reha Chemical Industries (KF-Film), Pennwalt Corporation (KYNAR®) and Solvay
Technologies (SOLEF®). Representative results on the polarization distribution in
foils from these manufacturers have been reported elsewhere. Spin coating or
casting of B-PVDF films from a solution,3%2 or laser sputtering®® are techniques
that allow depositing the detector on a sample rather than depositing the sample
on the detector.

Besides these material parameters, the geometry and the dimensions of the
element deserve consideration. Being a thermal detector, the coupling area to the
sample should be large to facilitate thermal contact. The heat capacity should be
small, as mentioned above, and thermal losses from the detector to the surrounding
should be kept to a minimum. All of these thermal requirements are best met by
a thin pyroelectric film as the detector. In a thermometer a thin pyroelectric film
has the additional advantage of a faster response time. For a calorimeter a thin
self-supporting film has a smaller lateral heat loss than a thicker material.

In the above design considerations, it was implied that the sample is excited by
one single pulse. In that case, heat loss from the sensor to the support ought to
be minimized to make the pyroelectric sensor a true calorimeter. For repetitive
pulsed or periodic excitation, it becomes, however, imperative to allow sufficient
energy loss to the heat sink. It has to be ensured that, averaged over a number of
excitation cycles, heat input into the sensor and heat losses are balanced. The
temperature in the detector would otherwise increase to the point where the under-
lying assumption of a temperature independent pyroelectric coefficient is no longer
valid, or irreversible damage by overheating of the element occurs. The same
argument holds true for the sample being deposited on the calorimeter or attached
to the pyroelectric thermometer.

Two thermal diffusion processes are involved in signal generation. Diffusion
from the sample into the sensor has been characterized by a transit time 7, (5). In
a similar fashion, diffusion from the sensor element into the surroundings can be
described by a heat loss time constant, 7;, which for one dimensional heat flow
would be given by

T = —£ (14)
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with €, being the distance between the excited area and the heat sink and §, the
thermal diffusivity of the pyroelectric material. With pulsed excitation, time res-
olution is normally of paramount interest. In that case the thermal transit time 7,
across the sample should be as short as feasible, i.e., the sample under study should
be as thin as possible. Heat loss characterized by the time constant 7, should be
much longer than the thermal transit time 7, to qualify the detector as a calorimeter.
In the remainder of this review applications are discussed, many of them using
PVDF thin film sensors in a configuration that is discussed in more detail else-
where.”6

5. APPLICATIONS

5.1. Thermal Analysis

5.1.1. Surface studies. Several advances in the spectroscopy of surfaces and ad-
sorbates have been made using pyroelectric detection. Polarization modulation
spectroscopy is based on the selective absorption of either s- or p-polarized light
waves, phase-shifted by 180°. The technique has been applied as a real-time com-
pensation scheme by adjusting the relative amplitude of the electric field vector
for the two polarizations, in such a way as to obtain a zero substrate signal from
an Ag film evaporated in situ directly on a pyroelectric ceramic sensor.** Then
NH; molecules were slowly allowed to adsorb on Ag under UHV conditions, giving
rise to a photothermal signal due to the selective absorption of the p-polarized
light of a cw CO, laser tuned to 9.30 um (1075 cm ~!) to excite the v, vibrational
transition of NH;. This detection method permits recording photothermal signals
induced by an unstabilized cw laser with a sensitivity of fractions of a monolayer
(e.g., 5 X 1073 of a monolayer for the NH;-Ag system, Figure 9). Furthermore,
without employing compensation or signal averaging techniques, a sensitivity cor-
responding to a surface coverage of 2 x 1073 of a monolayer of SF, on silver was
achieved under UHV conditions.* Under similar conditions, time-dependent phe-
nomena like the adsorption/desorption cycle of SF4 on silver* and the adsorption
of NH; on silver’” were readily observed.*’ Coufal® carried out surface spectroscopic
pyroelectric studies of a Nd,O; sample containing 8 X 10 molecules isolated in
a 10 pm thick poly(methyl methacrylate) matrix, corresponding approximately to
a one-monolayer coverage of Nd** ions, using a PVDF detector. Photothermal
spectra were thus obtained under both harmonically modulated and pulsed dye
laser excitation in the 400-700 nm region. Figure 10 shows the low-frequency,
absorption-like spectrum, demonstrating the strong spectroscopic potential of the
photopyroelectric technique for surface species characterization at a sensitivity of
hundredths of a monolayer. Pyroelectric in-situ detection of the reduction of a film
CuO surface oxide layer into metallic Cu by diluted HCI has further demonstrated
the ability of the method to monitor interfacial chemistry and measure rate con-
stants.®

5.1.2. Thermal properties. The capability of photopyroelectric detection to per-
form thermal-wave depth profiling and selectively monitor conductive transport in
photothermally saturated matter’® places it at an advantage for measuring thermal
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FIGURE 9 Polarization-modulated photopyroelectric signal and microbalance readout as a function
of time as ammonia molecules are slowly adsorbed on the silver substrate. The maximum coverage is
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FIGURE 10 Pyroelectric photothermal absorption spectrum of 0.8 X 10'* Nd,O, molecules isolated
in a 10 pm thick PMMA matrix recorded in a conventional scanning spectrometer. Modulation fre-
quency: 5 Hz; resolution: 3 nm.*
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properties, especially thermal diffusivity. Yeack et al.?> used a PZT pyroelectric
detector and pulsed CQO, laser excitation to measure the diffusivity 3, of thin Mylar
films, surface-coated with an opaque nichrome film to assure a surface heat source
configuration. The fit of a one-dimensional transient heat conduction theoretical
expression in Equation (9) to the data was good, especially in the neighborhood
of the transient peak, the temporal position of which is sensitive to the value of
thermal diffusivity. This yielded an accurate value for By, More recently Power
and Mandelis* used FM-TDS to obtain the photopyroelectric impulse response
from several materials (fused quartz, stainless steel and aluminum) as detected by
a thin PVDF film sensor in back-side contact with the sample. The thin-film re-
sponse was shown to be more sensitive to thermal conductivity values than that
from a thick pyroelectric.*® Figure 11 shows the excellent fit of the theory to the
experimental impulse response from quartz. A comparison between the fit at early
times of Figure 11 with that by Yeack er al.? gives unequivocal evidence of the
advantages of using FM-TDS over single-pulse excitation in cases where pulse
length and response observation times may overlap, even partially. In order to
obtain the photothermal impulse response to a laser pulse from a thin-film resin
sample (NOVOLAC™ film), free from artifacts due to the PVDF pyroelectric
transducer impulse response itself in the sub-ms time domain, Coufal and Hefferle
used a quasi-theoretical/quasi-numerical data fitting procedure.* This type of pro-
cedure is necessary with thin films, when both detector and sample impulse-re-
sponse temporal domains heavily overlap. It is quite powerful and simple as it
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FIGURE 11 Frequency-modulated time-delay-domain (FM-TDS) PVDF photopyroelectric impulse
response from a 500-pm quartz sample surface-coated with an opaque thin film. Best fitting parameters
to one-dimensional heat conduction model*®: Bgya, = 4.4 X 1077 m%s; kouar, = 2.2 W/mK.®
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accounts for the actual response of experimental pyroelectric circuits without com-
plicating circuit modelling factors, however, it may be altogether avoided with non-
thin-film specimens. In such cases appropriate frequency-multiplexed detection
techniques and a judicious choice of the exciting frequency bandwidth may be used
so that the input signal autocorrelation function and the bare detector input-output
cross-correlation function will be delta-function-like in the time scale of the max-
imum sample response.*

A different and very simple method for obtaining accurate values for the thermal
diffusivity of materials involves using frequency-domain techniques (either chopped
excitation and point-by-point lock-in detection or frequency-sweep excitation and
FFT detection) to obtain the laser-induced photopyroelectric transfer function of
the sample/detector system. A discontinuity in the amplitude frequency response
has been predicted for photoacoustic detection,'® when the thermal diffusion length
in the sample becomes equal to its thickness (i.e., the sample is in the transition
region between thermally thick and thermally thin):

172
() = (—B—> ~ L. (15)
T
This effect has been demonstrated under photopyroelectric detection as well® for
a single layer solid; and for a double layer system involving several types of samples
(metal, semiconductor and thermal insulator ranging in thickness between 60 pum
and 500 wm, and covering several orders of magnitude in thermal diffusivity)
supported by a layer of thermally conducting grease'® on PVDF. Thin-film NO-
VOLAC™ samples, coated on PVDF, 0.65-2.45 um thick were successfully an-
alyzed and the diffusivity extracted from the slopes of the transfer functions and
from the relative photothermal phase shifts, in a frequency-domain experiment
parallel to the pulsed time-domain technique described earlier.* Similar photo-
pyroelectric thermal diffusivity measurements in the frequency-domain were re-
cently reported® for five polymeric materials (PVDF, PVF, low-density polyeth-
ylene, polypropylene. Teflon, as well as a commercial PZT and a tin-substituted
PZT). The thicknesses ranged between several micrometers and one millimeter.
The thermal diffusivity was estimated by matching the experimental phases to a
one-dimensional analytical solution to the heat conduction equation using a min-
imization algorithm. The resolution and accuracy of the frequency domain pho-
topyroelectric determination of thermal diffusivity of a thin sample are trade-offs
between large enough sample thickness and low enough diffusivity to induce a
measurable change in slope of the amplitude response or a detectable shift in the
phase. A substantial increase in resolution may be effected by modifying the con-
ventional one-dimensional detection geometry!” as in Figure 12, so that a portion
of the lateral dimensions of the sample behaves in a thickness-like manner. Scanning
this lateral dimension at fixed modulation frequency has an effect similar to scanning
modulation frequencies in the photopyroelectric response, and thermal diffusivity
may be readily calculated.

Very recently the photopyroelectric technique was applied to the measurement
of thermal parameters of high T superconductors. Vitkin et al.>! have demonstrated
the sensitivity of the FM-TDS detection method to both thermal diffusivity and
thermal conductivity of the YBa,Cu,O, _, superconductor. The same authors pre-
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FIGURE 12 Schematic configuration for the photopyroelectric lateral heating method for measuring
the thermal diffusivity by scanning the coordinate x = x,."”

sented quantitative dependences of those parameters on temperature,® using a
single crystalline YBCO specimen and relating the impulse-response peak and long-
time tail to the diffusivity Bygco(7) and conductivity kygco(T), respectively, as
described earlier (see Figure 11 and relevant discussion in the text). A qualitative
functional dependence of the specific heat on temperature was further obtained as
a derivative measurement> based on the relation:

kysco(T)
PByscol(T)

where p is the superconductor density, assumed temperature independent. Similar
measurements on ceramic YBCO were reported by Marinelli ef al.>* in the fre-
quency domain using a thick LiTaO; pyroelectric crystal and extensions/special
cases of the photopyroelectric theory' pertinent to their geometry. A combination
of transfer function amplitude and phase data from a calibrated sensor yielded the
low-T behavior of thermal diffusivity and effusivity as primary measurements in
the range 80—118K. The dependence of Bygpco(T) on kypco(T) and on Cypeo(T),
via Equation (16), and of the effusivity eygco,

eveco(T) = [pCypco(T)kynco(T)]"? (17)

further yielded thermal conductivity and specific heat dependences. The potential
of photopyroelectric detection in thermodynamic studies of high T, superconductors

Cysco(T) = (16)
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appears to be superior to other photothermal techniques, due to its ability to yield
multiple parameter measurements simultaneously in a simple, self-consistent and
experimentally straightforward fashion. Similar relative advantages have emerged
in spectroscopic applications (see below).

5.1.3. Depth profiling and imaging. The depth profiling capability of general
photothermal detection schemes is well documented® and has been mentioned
earlier on in this section in relation to the probing of pyroelectric materials them-
selves. Pulsed laser excitation of thin B-PVDF electrets has been used’ to determine
the depth profile of charge or electric field distributions as results of poling. Fre-
quency-domain photothermal determination of polarization inhomogeneity depth
profiles has been modelled and fitted to experimental PVF and PVF, transfer
functions by Peterson et al.?¢ Other photothermal variants include the laser-intensity
modulation method (LIMM)*->5 and the photoacoustic laser-induced pressure
pulse method (LIPP).5¢-5° The amplitude response curve versus square root of
modulation frequency of the photopyroelectric signal has been shown!3!8 to involve
a change in slope at frequencies where the thickness of a material layer becomes
equal to the thermal diffusion length, Equation (15). This property can be utilized
as a simple and accurate depth profiling method to identify multi-layer geometries,
if thermal diffusivities are known, or otherwise for non-destructive identification
of discontinuous sub-surface boundaries.

Conventional pyroelectric detection of thermal waves used in a scanned, spatially-
integrated detection mode has been reported for some time.50¢! A scanning pho-
topyroelectric application using a silicon wafer with a man-made defect in contact
with PVDF has demonstrated the ability of the technique to perform photothermal
microscopy of samples with sub-surface defects.® Recently, spatially resolved pho-
tothermal scanning imaging using the photopyroelectric effect was reported.5® Ther-
mal wave information was obtained with a PVDF film sensor unelectroded on one
side facing a thin metal probe tip. A modulated photothermal source on the surface
of the sample induced an oscillating temperature field in the pyroelectric material,
which produced a displacement current proportional to the temperature change.
The effects of this current on the charge density of the unelectroded surface were
monitored as a synchronous change in the space capacitance between the PVDF
film and the probe tip, Figure 13. The oscillating capacitive voltage was thus used
to provide a means for measuring the local values of laser-induced diffractive®
and/or interferometric® thermal wave fields in metallic samples. Quantitative com-
parisons with a diffraction-integral approach of the thermal wave field at the back
surface of a sample®® have been presented® and the role of the tip size as the most
important factor limiting spatial resolution of the microscopy has been studied.5’
A recent development of spatially resolved, laser-beam and probe-tip scanned
photopyroelectric imaging has produced spatial frequency-multiplexed interfero-
grams, the reconstruction of which is in progress®’ and is expected to lead to
photopyroelectric Thermal Wave Tomography.*®

5.1.4. Phase transitions. In addition to providing information concerning ma-
terial thermal parameters (e.g., diffusivity, effusivity, conductivity) pyroelectric
thermal wave detection was shown to be sensitive to first and second order ther-
modynamic phase transitions in bulk solids.%® Unlike conventional photoacoustic
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FIGURE 13 (a) Schematic diagram of the capacitively-coupled pyroelectric geometry used for scanning
microscopy of spatially resolved thermal waves in condensed phase materials; (b) Electrical equivalent
circuit diagram for contactless photopyroelectric detection: U(w. 1) is the pyroelectric voltage generated
across the PVDF film. U, (w, t) is the input voltage across the amplificr A. Besides the capacitive
(Cpvpr, Cy) and resistive (Rpype. R;) elements in the detector and preamplifier, respectively, the space
capacitance at the PVDF unelectroded surface/probe tip interface is shown as C,.%

detection of phase transitions,” the back-surface pyroelectric detection provides a
signal proportional to the thermodynamic quantity of interest, i.e., the specific
heat,® rather than the product of specific heat and thermal conductivity.” These
experiments on model systems established the frequency-domain method and the
associated theory for the study of phase transitions. More recently, the time-domain
method was applied to real-time studies of laser annealing.” With first order phase
transitions the direct time-domain observation seems to be preferable. For second
order transitions, however, frequency-domain detection has shown unique poten-
tial, with distinct advantages in experimental simplicity and theoretical interpret-
ability over conventional photoacoustic methods. Very recently, the emerging ca-
pabilities of photopyroelectric detection to monitor superconducting phase transitions
have been demonstrated.33-3152 The potential to obtain more than one thermo-
dynamic parameters, and their temperature dependences, simultaneously from the
photopyroelectric signal (see Equations (16) and (17)), coupled with relative ex-
perimental simplicity (including cryogenics), compares very favorably with other
photoacoustic’> and photothermal’™ detection schemes.
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5.2.  Spectroscopy

5.2.1. Reflectivity studies. When a sample is directly deposited onto a pyroelec-
tric element, the observed signal is proportional to the absorbed energy only, i.e.,
to I, [1-R(\)], where I, is the incident intensity and R(\) the reflectivity of the
sample. Burns et al.?® first used a pyroelectric PbsGe;O,, sensor to monitor the
reflectivity spectrum of a gold film; they also drew attention to the potential use
of the technique to measure the optical absorption of thin layers of materials coated
on a reflecting electrode of a pyroelectric sensor. Subsequently, the change in the
reflectivity of an oxidized Cu surface during reduction was used to monitor the
course of the chemical reaction photopyroelectrically (see Section 5.1. above).®
Absorbing samples supported by reflecting pyroelectric sensors can exhibit spectral
artifacts, especially in semi-transparent regions where both sample and reflecting
electrode wavelength-dependence contribute to the photopyroelectric signal. Chir-
toc and coworkers demonstrated these artifacts in the infrared spectrum of water™
and developed a detailed theoretical analysis of the various resulting distortions
and peak inversions of condensed phase spectra obtained with periodic excitation.”
At this time it is clear that reflection-induced spectral artifacts can be satisfactorily
eliminated’ by coating or spray-painting the pyroelectric sensor electrode black,
which obviates the need for very complicated theoretical requirements’ in order
to obtain quantitative absorption spectra. Taking advantage of the electrode re-
flections may, on the other hand, yield pyroelectric spectra of adsorbates on re-
flecting metal surfaces.'® In a modern recreation of Wiener’s classical experiment
on the phase change of a light wave upon reflection from an optically denser
medium,”” the standing light wave in front of a metal reflecting mirror (the Ag
electrode of a PVDF detector) was mapped.’ In that experiment, the quenching
of an excited state was studied as a function of distance from the mirror with a
spatial resolution of several nm.

5.2.2. Absorption coefficient spectra. Photopyroelectric spectroscopy has been
very successful in monitoring absorption spectra of a variety of condensed phase
materials, thus providing a simple, inexpensive alternative to conventional pho-
toacoustic spectroscopy.? Section 5.1 has already dealt with applications to the
spectroscopy of surface adsorbates. With thin layers of finite thickness compared
to the thermal diffusion length, deposited directly on the pyroelectric sensor, ab-
sorption spectra may be obtained qualitatively.>¢ Care must be taken to operate
at a low modulation frequency where the sample is entirely thermally thin; then
the photopyroelectric signal, when properly source-compensated (normalized), rep-
licates the optical absorption spectrum, subject to the requirement for spectrally
flat nonradiative quantum yield.'® Figure 10 is an example of such a spectrum. At
high modulation frequencies, such that the sample is entirely thermally thick, the
normalized photopyroelectric signal replicates the optical transmission spectrum,
regardless of the spectral variation of the nonradiative quantum yield.'® This is
demonstrated in Figure 14 for the sample of Figure 10.!® Any intermediate mod-
ulation frequency yields spectra grossly distorted due to competing optical and
thermal-wave contributions to the pyroelectric signal.® For very thin films, trans-
mission or absorption pyroelectric spectra may be conveniently obtained using
pulsed excitation with a continuously (or line) tunable laser and time-gating de-
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FIGURE 14 Pyroelectric photothermal transmission spectrum of the sample in Figure 10, detected
with the same detector at 88 Hz. PMMA matrix thickness: 100 pm.'®

tection methods.” An alternative frequency-domain detection scheme of direct
photopyroelectric phase discrimination has been proposed.” With this method, a
qualitative measurement of the optical absorption spectrum a()\) can be obtained
upon considering only the out-of-phase (quadrature) lock-in signal component at
a fixed modulation frequency, by virtue of the fact that all background contributions
affect the in-phase component only.!® Spectra of a thin Nd,O5 powder layer were
thus simply recorded.

Pyroelectric sensors have further been utilized to study the optical absorption of
opaque solids, such as graphite plates,?® anodized Al plates,* powders of rare earth
oxides,*’ heavily absorbing liquids’*; and weakly absorbing materials, such as thin
solid films,®' or liquids.®* Recently, an area of growing importance is photothermal
diagnostics of semiconductors.* Tanaka et al.8*8* used 7 pm thick PVDF films
coated with transparent Cul electrodes of ca. 200 A thickness to record spectra of
amorphous As,S; and Se thin films, Figure 15. Thus, the capability of the photo-
pyroelectric method to obtain a(\) spectra free from acoustic noise, of quality
similar to PAS and sensitivity of al; = 10~2 was shown. An additional advantage
over PAS was pointed out to be the simple requirement for conventional optical
cryostats for low-temperature spectroscopy, Figure 15b, unlike the much more
complicated cryogenic systems associated with microphonic photoacoustic detec-
tion.®® Mandelis er al.3® established the similarity in quality of photopyroelectric
spectra from amorphous thin-film semiconductors to those obtained via photo-
thermal beam deflection spectroscopy. Furthermore, photopyroelectric spectros-
copy was found to be sensitive to mechanically introduced defects in semiconductors
near the bandgap region,®” due to an enhancement in nonradiative defect densities
and de-excitation probabilities.

5.2.3. Nonradiative quantum yields and spectra. Since the heat released in a
sample following optical excitation is the operating signal source in every pho-
tothermal system, all such probing techniques are dependent on the nonradiative
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FIGURE 15 (a) The optical absorption edge of amorphous Se evaluated with the photopyroclectric
method and from a photoacoustic measurement (solid line). The photopyroelectric data are given for
film thicknesses of 1.43 pm (®-@-8); 0.96 m (0-0-0); and 0.74 pwm ( X - X - X ). (b) The optical absorption
edges of an annealed As,S, film at room temperature and at 80 K (solid lines). The characteristics at

room temperature after optical annealing (dashed line) and during annealing (dotted line) are also
shown. %

quantum yield n(\) of the monitored optical-to-thermal energy conversion process.
Pyroelectric detection is ideally suited for the determination of m(A) among pho-
tothermal methods, by virtue of its back-surface character. To demonstrate how
this can be achieved, consider the trilayered sample shown in Figure 16, with a
weakly absorbing layer 1, of absorption coefficient a,(A) and nonradiative quantum
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FIGURE 16 A composite trilayered sample geometry for the determination of nonradiative quantum
yields.'®

efficiency n;(\), separated from another absorbing layer 3 by a transparent spacer
layer 2. The photopyroelectric signal at the back interface 1 and at modulation
frequency f is given by!¢-86:

SN f) = CUOMN M)A (MNexp [—(1 + D/px(f)] + AsMms(MNT(V)} (18)

where C(f) is an assortment of instrumental and geometric parameters of the
sample-PVDF detector system; A;(A), n,(\) and T,(\) are the absorbance, non-
radiative quantum yield, and transmittance of the i-th layer, respectively; and p.(f)
is the thermal diffusion length in the spacer layer. From the structure of Equation
(18) it can be seen that at high f (thermally thick limit) only the in-phase term is
present and the spectrum can be manipulated to give a;(\) through the T,(\) term.
Another low-f spectrum (thermally thin limit) may then be recorded, with the o;(\)
data (and the known spacer thermal diffusivity) substituted from the high-f spec-
trum, to yield the m;(\) spectrum simply and self-consistently. Figure 17 shows one
such example from a thin a-Si:H film.® Quantum yields at single wavelengths have
also been determined for thin-film samples.>-1¢-7® The dramatic spectral variations
in mu(\) observed in Figure 17b indicate that due attention must be paid to this
channel and that the usual simplifying assumptions about its value3* or its constancy™
must only be used cautiously and with appropriate justifications.

Metal surfaces with well-defined periodicity can be produced on PVDF sensors
using a holographic technique,® allowing to couple light into the plasmon surface
polariton and to conveniently study the plasmon dispersion, as well as the influence
of dielectric adsorbates and thin films on the resonance shift. With a diffraction
grating on the sample surface, instead of the conventional prism coupler used with
photoacoustic attenuated total reflection,® the photothermal detection of plasmons
was found to be enhanced.®

Recently, Fourier transform infrared photopyroelectric spectroscopy (FTIR-PPES)
was introduced® as a new technique capable of experimentally convenient quali-
tative analysis and theoretically relatively simple quantitative calculation. It was
found that an experimentally derived numerical correction is required for spectra
obtained in the thermaily thick limit. No such correction was found necessary for
thermally thin spectra. A comprehensive theoretical framework for FTIR-PPES
was also developed, based on principles outlined earlier.’ The technique appears
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FIGURE 17 (a) Optical absorption coefficient for a-Si:H thin film using photopyroelectric (PPES)
and photothermal deflection (PDS) spectroscopies; (b) Nonradiative quantum cfficiency specctrum of
the same sample.®

to be most promising in the study of thin layers®? and powders®? deposited directly
on PVDF, especially when used to monitor various in-sifu interactions with external
agents (chemical, optical, etc.).

5.3.  Other Applications

A recent development is a thin-film photopyroelectric gas sensor, a new type of
solid-state device for the detection of minute concentrations of hydrogen gas under



Downloaded by [University of Toronto Libraries] at 18:01 23 March 2016

SENSORS FOR PHOTOTHERMAL ANALYSIS

NORMALIZED P2E SIGNAL AMPLITUDE &S (107)

Hydrogen Concentration:

Flow Rate: 500 ml/min

(a)
HYDROGEN CONCENTRATION IN NITROGEN (ppm)
0 500 1000 1500 2000
1 1 !
84 o
Langmuir Equation (K =5x1072)
e l
B
%
4 .
2]
0 ! [ ! [ ! | | ! !
(b) 0 20 40 60 80 100 120 140 160 180 200

HYDROGEN PARTIAL PRESSURE, Py, (Pa)

405

FIGURE 18 (a) Photopyroelectric response as a function of time, for two low H, concentrations. Pd
thickness = 285 A; flow rates: 500 mV/min; 7 = 20°C. (b) Vaniation of output saturation signal 85, as
a function of partial hydrogen pressure (or concentration). Pd thickness = 130 A. The solid curve is
the fitted Langmuir isotherm.?
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environmental, flow-through conditions.®® The sensor was made of thin, commer-
cially available PVDF film, sputter-coated with Pd. An infrared beam from a
semiconductor laser diode was coupled to an optical fiber and irradiated the PVDF,
thus generating a carrier wave ac photopyroelectric voltage. Sensitivity to exposures
in a hydrogen partial pressure has been demonstrated down to concentrations as
small as 40 ppm, in a flowing H, + N, mixture. Figure 18 shows typical sensor
response curves and signal compliance with a Langmuir isotherm, in agreement
with the dissociation reaction

H, = 2H, (19)

on the Pd surface.

A review of pyroelectric detection of photothermal wave processes would be
incomplete without mentioning work in other spectral ranges, such as the detection
of magnetic resonance phenomena®* or x-ray spectroscopy with synchrotron radia-
tion for excitation.®!

When replacing electromagnetic radiation by particles the pyroelectric sensor is
no longer used as a photothermal detector in a rigorous sense. The potential of
the pyroelectric calorimeter for other radiation induced thermal phenomena such
as the detection of ultraheavy nuclei® is tremendous. Experiments with excited
fragments in a molecular beam® or the characterization of a free jet expansion
highlight the versatility of these detectors. By now a special sensor has been de-
veloped for these molecular beam applications.®” Recently the energy transfer from
ablated fragments to a pyroelectric calorimeter was utilized to study the products
of ultraviolet laser ablation from polymers.®® Studies of energy transfer from en-
ergetic ions to thin films with pyroelectric calorimeters shed light into issues such
as ion etching or the interaction of the plasma with the wall in a fusion reactor.®

6. CONCLUSION

Pyroelectric sensors have been demonstrated to be extremely powerful detectors
for thermal wave phenomena. With pulsed excitation thermal transients can be
studied directly in the time domain with utmost sensitivity and time resolution.
Using conventional single frequency or noise amplitude modulation, frequency
domain experiments can be performed over an extremely wide dynamic range and
bandwidth. The unique potential of pyroelectric detection for thermal transients
and spectroscopy of surfaces, thin films and bulk samples has been exemplified
and new imaging applications for non-destructive evaluation of materials have been
reviewed. The importance of the ferroelectric characteristics of the sensor material
has been emphasized whenever appropriate and directions for improvement pointed
out.
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