
...,. National Library
of Ganada

Bibliothèque nationale
du Ganada

Acquisitions and Direction des acquisitions et
Bibliographie services Branch des services bibliographiques

395 Wellington Street 395. rue Welhngton
Qnawa. onta"" Qnawa (Onta",,)
K1AQN4 K1AON4

NOTICE

(\Jt ,.... 1\10.'1", ' ..' ..

AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of .
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

Photothermal imaging of optical polymers, polymer metal interfaces and

photodegradation of polyvinyl chloride.

by

Marc C. Prystay

A thesis submined to the

Faculty ofGraduate Studies and Research, McGill University

In partial fulfillment of the requiIements for the degree of

Doctorate ofScience.

Department of Chemistry

Mc:GiII University

Montreal, Canada

© Marc C. Pïystay, September, 1993•



1+1 National Library
of canada

Bibliothèque nalionale
duGanada

Acquisitions and Direction des acquisilions et
Bibliographie services Branch des services bibliographiques

395 Wellm9ton Street 395. rtJe Wellmglon
Ottawa. Onlano Ottawa (Ontario)
K'A ON4 K1A 0N4

The author has granted an
irrevocable non-exclusive licence
allowing the National übrary of
Canada to reproduce, loan,
distribute or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-94704-7

Canada



Photothermal imaging of polymers



•

•

Abstraet

Pholopyroelectric speClI"oscopy (PPES) is a relatively new nondeSlI'UClive phololhennal

lechnique thal uses a pyroelectric sensor placed in intimale contact with Ihin film samples

10 record the photogeneraled thermal waves transmined by the sample. In lhis Ihesis il is

demonstraled that pholopyroelectric spectrOscopy is capable of recovering promes of

optical absorptivity in micron scale thick polymer laminales with submicron deplh

resolution. The pyroelectric method has also becn used tO characlerize adhesion al

polymer/metal interfaces from the pholothermal impulse response using both the

transmission and inverse deteetion geometries. The PPES technique can also map the

distribution of polyene bands created during photodegradation of polyvinyl chloride.

Results are obtained in the frequency and rime domains using conventional lock-in

detection, excitation with wideband rime domain sweep waveforms and wideband

homodyne techniques. The experimental photothermal results can he modeled using the

linear properties of heat conduction ta obtain quantitative values of the optical and

thermal properties of the samples.
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• Résumé

La spectroscopie phOtopyroelectrique est une méthode d'analayse photothennique non­

destrUctive relativement récente qui emploie un capteur pyroelectrique placé en contact

étrOit avec une mince pellicule d'échantillon dans le but d'enregistrer les ondes

thenniques photogénérées transmises par l'échantillon. Cene thèse dér:nontre qu'il est

possible de distinguer les differentes zones d'absorptivité interne d'un échantillon de

polymère lamine d'une épaisseur de l'ordre de qu::lques micromètres avec une resolution

en profondeur inférieure à 1 pm. Cene methode a aussi été employée avec succés pour

caracteriser l'adhesion à l'interface polymer/métal à partir des résponses aux pulsation

photothenniques en employant taut la géometrie de transmission directe que celle de

detection inversée. il est aussi possible de determiner la distribution des polyène générés

par la photodégradation du PVC par remploi de cette méthode. Les resultats sont

obtenus en domaine de fréquence et de temp par la méthode d'une détection verrouillée

conventionelle. d'une exitation en employant une envelope de balayage du domaine

temps à bande passante large de même que la technique homodyne à bande passante

large. Un modèle concspondant aux resultats expérimentaux peut être obtenu en

employant les propriétés lineaires de la conduction thermique pour quantifier les

proprietés thermo-optiques des échantillons.

•
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• Many of the I"esults pl"esented in this thesis ha'"e been published in the follo~;ng

articles.

Chapter 2 has been presenred as:

M.C. Prystay and J.F. Power, Spatial depth profiling of chromophores in thin polymer

films using frequency domain photopyroelectric spectroscopy. Polym. Eng. Sei.. 33(1)
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J.F. Power and M.C. Prystay, Rapid recovery of wide-bandwidth photothermal signais

via photothermal spectrometry: theory and methodology. Appl. Spect.. 47(4) 489
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• Claims to originality

The: contributions of this work to original knowle:dge are listed below:

1. The phase of the photopyroelectric frequency domain signal is able to detect the

spatial distribution of optical absorption with submicron resolution in polymer films up

tO 100 pm thick. Photothermal intcrfe:rence can he uscd as a tool to enhance the

sc:nsitivity of the magnitude of the frequency responsc: to the disnibution of

chromophores.

2. Wideband homodyne photopyroelccnic spcctrometl'y is capable of studying ultrathin

polymer films of thickness sa nm tO 1500 nm. The technique is limitcd tO the study of

polymcr films thickcr than sOnm by a 400 nm depolcd layer at the surface of

commcrciaIly supplicd PVDF films which effectively filters the thermal response. The

techni1ue is limited to a maximum thickness of 1500 nm by the electronic high pass filter

which must he kept above 1000 Hz to prevent corruption of the downshiftcd signal by

low frequencics of the upshiftcd signal.

3. Photopyroelecnic intcrfacial adhcsion studics made with thin polymcr films spin

coatcd ontO the PVDF film will he able to only detect largc thermal mismatehcs due tO

the thermal filtering effect C'f the 400 nm depolcd layer in the PVDF films.

•
4. Photothermal impulse responsc: signais gcncratcd in thermaIly continuous samplcs can

he invcrtcd to recovcr the thermal flux profile by posing the prob1cm as a solution to the

free spacc Grecn's Function. The problcm is i1l poscd as written duc to the matrix bcing

rank deficicnt and i1l cC':lditioncd; howcvcr. by adding smaIl amounts of noise: tO the
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Green's Function maoix the maoix becomes full rank and the conditioning is greatly

improved. By averaging of a large num ber of inversions. each seeded independenùy and

randomly. the thermal flux profile can be accurately reconsrructed.

5. Polyvinyl chloride degraded under high optical flux will generate local spot

degradation that exhibits optical birefringence. The lightly degraded features can be

studied with photopyroelecoic spectroscopy and the disoibution of specific polyene

bands can be mapped. Photothermal impulse responses can be invened to recover the

thermal flux profiles and the thermal flux profiles can then be used to reconsrruct the

optical profiles in the polyvinyl chloride films.
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The work presented in this thesis is an advancement in the development of photothermal

spectrOscopy as a tool for the smdy of the optical and thermal properties of solid phase

polymer films. The photothermal method, as applied in this work, is based on the

understanding that light is absorbed in homogeneous media according to Beers Law and

molecules excited by the incident light decay non-radiatively, generating heat. The

change in temperamre can he monitored with appropriate transducers and using the linear

properties of heat conduction the optical and thermal properties of the sample can then

he reconstrueted. The best known ofthe photothermal techniques is photoacoustics which

records acoustic emission in the gas phase due to heating of the sample. However,

photoacoustics is only one technique in a wide range of photothermal methods which will

he discussed in this thesis.

This thesis is separated into 8 chapters. The first, the introduction, provides a

comprehensive review of pertinent work done in the field of photothermal spectrOscopy

and is intented to make the reader fami!iar with the subject of the thesis. It also includes

a review of photodegradation smdies in polyvinyl chloride (pVC) and examines the

premise that photothermal techniques are well suited to the study of degradation in

polymers. Chapters 2 to 7 are written in the style ofpapers for publication. Each chapter

has a brief introduction relevant to the particular wOIk and is followed by the associated

figures and references. Chapter 2 is devoted to frequency domain imaging of of optical

polymers, chapter 3 covers the design and construction of a wideband homodyne

photothermal spectrOmeter and chapter 4 sho~ application of the homodyne technique

1
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to the study of nanometer scale thin films. ln chapter 5 we present a new inverse

modeling technique tO obtain the optical profile of a sample from the photothermal signal.

Chapter 6 applies the inversion technique to weil characterised optical polymers and

characterizes the insttumentataion considerations required. ln Chapter 7 amplitude and

phase modulated (AM-PM) photothermal spectrOscopy is used to image degradarion

profiles in polyvinyl chloride (PVC). The inversion techniques developed in chapter 5

are used to recover the depth dependence of conjugated double bonds that form in the

degradation process. Chapter 8 concludes the thesis with an overview of the work

presented and looks forward to possible future studies. The appendices at the back of the

thesis contain computer programs, instrument designs and schematics required to continue

this wode.

History

It was A.G. Bell who fust reponed in 1881 that samples periodically heated by light

absorption emitted an acoustic signal [1,2]. Bell attibuted the signal to heat conduction

processes and correctly noted that the magnitude of the acoustic signal was related to the

amount of light absorbed and the physical structure of the sample. Photothermal methods

were not developed for a specific use until Luft (1943) [3] and Pfund and Fastie (1947)

[4] developed photothermal techniques for deteeting trace concentrations of anaesthetical

gases. The foundation for photothermal methods in solids was advanced by Parker (1973)

[5] and Rosencwaig [6-8] who developed analytical methods and showed that the signal

generation in photoacoustics could be attributed to the conduction ofheat from the sample

2
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into the air. Since that time the development of photothermal spectroscopy and thermal

wave imaging in condensed media has grown both experimentally and theoretically. To

review the advancements made to date it is first necessary 10 introduce sorne basic

principles and define sorne of the associated terminology of thermal wave imaging.

Basic Terminology

It has long been realizeil that thermal waves are a critically damped phenomenon,

meaning that the magnitude of the signal decays exponentially with distance and the rate

of decay depencling on the thermal diffusivity (a) of the medium. The thermal

wavelength CIl) is defined as the distance the wave travels before decaying 10 a value of

Ile.

(1)

It is noted that the wavelength is inversely proportionai to the square root of the

modulation frequency (Cil). Therefore, at low modulation frequencies the thermal

wavelength is the longest permirting thermal probing of buried structures. As the

modulation frequency is increased the wavelength is shonened imaging only shallow

features. By launching thermal waves of known length into opaque samples one can

obtain depth dependent information about the thermal nature of the sample. The thermal

properties of a number of substances are given in table 1-1 along with the distance a

thermal wave would travel at 10 Hz. Insu1ators sucb as wood have shorter thermal

3



• wavelengths than conduetors such as alunùnum [9].

Thermal coupling coefficients, bij, can be calculated to detennine how efficienùy

heat is transfered from one layer to another.

(2)

•

Here là is the thermal conduetivity of the ith layer. If the IWO adjacent layers are

thermally weil matched bij=1. If layer j is an insulator, all the heat preferentially stays

in layer i and bij<1. For a highly conduetive layer j the coupling coefficient becomes

large, bij>1.

The thermal effusivity mismatch (1) is a more widely used form that relates how weil the

thermal energy is transfered from one sample to another and cao be thought of as

"thermal refleetivity" term.

(3)
b··-l

'Y = _I_~-

b··+lIJ

•

The thermal effusivity mismatch is somewhat easier to understand. Values of 1 range

from -1 for an insulating layer j which totally refleet thermal waves 10 +1 for a thermally

condueting layer j which 10tally absorbs thermal waves. A value of 0 signifies that layers

i and j are thermally weil matched.

4



_able 1-1

Typical thennal properties of various materials at 300K.

Material Thennal conductivity Thennal diffusivity Thennal wavelength

Pure Aluminum

Stainless Steel

Plywood

Air

Polyvinyl chloride

le (W/m·k)

237

15.1

0.12

1.4

0.026

0.16

97.1 x 10-6

3.91 x 10-6

1.2 x 10.7

@ 10Hz (J.l1II)

4,407

884

486

386

2,121

1,550

AlI valves taken from reference [9] except polyvinyl chloride which was taken from reference [211].

• 5
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Non-radiative decay of absorbed electromagnetic radiative serves as the source of thermal

excitation within the sample. Broadband light sources and lasers can be used to make

single wavelength or multi wavelength photothermal studies from the ultraviolet (UV) to

the infra-red (IR) range of the electromagnetic spectrum. Electron sources have bern

used to provide high resolution of grain boundaries in metals and silicon wafers [10,111

and X-rays, microwaves and ion beams have also been adapted for specific use [12-161.

In most samples there is almost no delay between the photoexcitation of the sample and

the onset of heating. For these cases the interpretation of results are modeled using linear

properties of heat transfer. However for a wide range of samples other nonthermal

mechanisms of signal generation exist. These include luminescent samples and

semiconduClors where absorbed light may produce metastable states or electron hole

pairs which have distinetly slow and unique rates of relaxation compared to the

non-radiative decay process [17,18]. Also possible are thermally induced elastic waves

and thermal elastic deformations in the heated region: both of which need to be mode!ed

coupling the elastic and thermal properties of the samples. For the purpose of this thesis

we leave aside these considerations. By using the correct experimental geometty and

analyzing non-fluorescent polymers the responses can be correetly modelled as a thermal

response alone.

The signal generation process in a homogeneous polymer film is schematically illustrated

in Fig. 1-1. In the frequency domain photothermal experiment modulated radiation

incident on the sample generates modulated heat within the sample. The modulated

6



• heating can be modeled as a damped thermal wave diffusing through the sample which

O'avels a maximum distance Cp) before decaying to Ile. Sources deeper than )l will not

launch thermal waves long enough to reach the surface of the sample to be detected.

Changing the modulation frequency changes )l thereby petmitting photothermal depth

profiling in the sample. To ensure that the recorded thermal signals can be interpreted

quantitatively only linear heat conduction processes are petmitted to exist in the sample.

In practice this restriction limits the excitation signal to low powers to prevent the

non-radiative decay mechanistD5 and the heat conduction process from being driven into

saturation. The linearity criterion is given by the following relationship where L is a

generalized operator.

• (4)

•

In terms of the sample response this means that the observed photothermal signal from

the sample is the sum of a11 the individual responses in the sample. Theoretica11y one can

then divide the sample into N layers, calculate the phtothermal response of each layer

then sum the responses to obtain the recorded signal. A linear response is obtained if the

signal is proportional to the temperature response of the sample, its derivative, its integral

or its average.

To further simplify the signal interpretation the analysis of the heat transfer is limited to

one dimension (I-D). l-D heat conduction implies that the photothermal waves travel

7
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with flat wave fronts and latetal heat transfer in the sample is negligible. This is ensured

by using an excitation beam that is at least 3 times as wide as the sample thickness. For

the work in this thesis the beam was much wider than the sample thickness ensuring I-D

heat transfer.

Detection methods for measuring photothermal signais.

When Bell fust studied photothermal phenomena he suggested the use of microphones

to detect the acousitic emission in the gas next to a heated sample. However. since then

a wide range of new detection methods have been proposed. Sorne of these include

optical detection ofrefractive index changes due to thermal gradients [21-23]. secondaIy

infrared emission due to heating [24-27]. detection of sample ternperature using

pyroelectric polymers [28-29], measurement ofreflectivity changes due to heating [30.31].

thermal lens based detection systems[32-35] and a range of photoelastic detection

systems[34-37].

(i) Photoacoustic Spectroscopy

In Photoacoustic 5pectroscopy (PAS) the sample is placed in an enclosed cell equipped

with a window at the top to transmit the excitation source and a microphone or

piezoeiectric inside to record the acoustic emission. The signal is generated by the

periodic heating of the sample which then adiabatically heats the gas boundary layer and

8



• creates a thennal piston through the periodic gas expansion in the chamber. The resulting

signal is not strOng due to the misrnalCh of thennal effusivity that exists belWeen the gas

and sample. The heated region is typically confined to one thennal wavelength in the air

and the pressure change that is detected by the microphone is the spatial average of the

temperature change of the gas interphase which is heated [8].

(5)
1 (2ltu _

/),. P oc ..b~"'" /),. T Gas (z, (0) dz
2 7l Ilgas

•

•

The exact nature of the recorded signal is effeeted by the design of the ceil and the nature

of the sample [38]. The frequency response of a PAS instrument is limited by the

sensitivity and frequency response of microphones.

Rosencwaig and Gersho fust interpreted the PAS signais in tenDS of a purely thennal

mode! and put forward the interpretation of a thennal piston (R-G theory) [8].

MacDonald and Wetsel expanded on the model te account for the periodic average

expansion of the sample as well as the gas [39]. Jackson and Amer introduced the

buckling or drum effect which is seen in both piezoelectric and gas microphone detection

systemS [40]. Korpiun and Tùgner were able te mode1 a phase transition as an oscillating

interference [41] then Monchalin el al. accounted for the periodic heat and gas flow in

a powdered medium [43].

9
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(ü) Photothermal Deflection Speco-oscopy

Photothermal deflection speetroscopy (PDS) or mirage effect spectroscopy uses a laser

probe beam skimmed along the sample surface to detect the heat transfer from the sample

to air or a coupling liquid. Heat transfer from the sample to the coupling fluid sets up

a spatially dependent refractive index gradient that will bend or refract optical waves

passing through it. The probe beam can be positioned to deflect transversly. parallel to

the sample surface, or normal depending on the experimental geometty. The beam

deflection in the normal direction is sensitive to the spatial gradient of the refractive

index set up by conduction of heat into the air. The gradient is sensitive to the sample

surface temperature and thus the beam deflection is related to the thermal transpon in the

sample. The change in the temperature (T) in the gas phase can be related to the

deflection of the probe beam eaccording 10:

(6) 1 drl !II'e .. __
'TI !II' dx

•

Where 'TI is the reflective index of air on the coupling fluid [22].

The tranSVerse deflection is sensitive to venical cracks in the sample which inhibits the

10
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flow of heat in the sample and formation of the temperature gradient in the air. The

deflection of the probe beam at any point along the probe beam path is defined by

d8=11-Jxdl where dl is the incremental step. The total deflection is calculated as the

integral over the entire path length. Deflections of lxl0-19 radians have been reponed

making the technique sensitive to even small temperature gradients [22].

The POS technique has the advantage of being a nondestructive, noncontaet detection

scheme making it applicable in harsh environments or possibly as a ponable instrument

for work in the field. Like PAS POS requires the heat to be ttansfered from the sample

to the air or an adjacent fluid. As a result, the frequency reponse is limited by the

closeness to which the probe can be placed to the sample. The air layer aets as a thermal

low pass filter with a roll off frequency that decreases with larger probe beam offsets.

POS was first described by Boccara, Fournier and Badoz [22] and Murphy and Aamodt

[21,23].

(iii) Photothermal Infrared Radiometty

Photothermal infrared radiometty (PTIR) measures the b1ackbody radiation of a sample

after an applied heating pulse. PTIR 0pera1es on the premise that with a small change

in tempetature the spectral emission envelope does not change, but the intensity of the

signal will change linearly_ The secondaIy IR emission intensity (W) from a heated

soUlCe is goverened by

11
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where e is the bulle emissivity of the sample which is assumed to he constant over all

space and temperature usee! in the experiment, and (! is the Stefan Boltzman constant (5.6

x 10-12 W cm-2 K-4) [24]. For a given change in surface temperature dT there is a

change in eminance of

(8) dW = 4 e (! -r3 dT.

Moni1O'.ing of the IR emission is usually done with Mercury-Cadmium-Telluride detectors

or infra red photon counting devices. Samples are assumed to absorb excitation light

according to Beer's Law and 10 reabsorb the emined IR by Beer's Law. As a result

buried features will emit radiation that is absorbed by overlayers according to e·Wx.,

where ~' is the absorptivity of the emined light. The signal recorded by the camera is

the integrated over the thickness of the sample (1) [25].

Here G is a constant determined by the intensity and bandwidth of radiation. In practice

optical filters are used 10 examine only wave\engths of interest 10 improve sensitivity.

Unlike PAS and PDS PTIR does not rely on heat transfer into the gas phase for signal
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generation rather it monitors the surface ternperature directly. As such the bandwidth is

limited to the speed of the detectors available and the integration rimes required. Like

PDS, PTIR is a noncontaet imaging method. However, the large powers required to

generate an adequate IR signal can easily damage a delicate sample or at least drive it

into a nonlinear thermal response.

PTIR was first proposed by Nordal and Kanstad [24,26] and developed with the help of

Busse [25,44] then Leung and Tarn [27]. The parallel processing capabilities of this

technique make it feasible for imaging large scale objectS such as aircraft fuselage

sections once the technique becomes well characterized [45].

(iv) Photothermal Ref1ecœnce

Photothermal reflectance (PTR) deteetion is based on a change in surface temperature

causing a change in the optical reflectivity of the sample according te

(10)
dRt::. R ( x, y, z, r) '" Ro + _ t::. T ( x, y, z, r)
t!I'

•

where dR/dT is the ternperarure coefficient of reflectivity. The technique is applicable

to samples that undergo a relatively large reflectance change with heating. Imaging of

silicon devices bas been the primary application of this technique. The handwidth is

limited te the response rime of photodeteetors which are available inte the MHz region
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for visible wavelengths. Rosencwaig er al. fust proposed the technique to monitor heat

and carrier diffusion in semiconduetot'S. [30,31,45]. The thermal reflectance was found

to be dependent not only on the change in dielectric properties associated with heat but

also the charge carrier distribution which varied with heating [30]. Because the time

dependencies of these twO reponses are different the two effeets can be separated [31.47].

To improve sensitivity temperalUre sensitive coatings glazes have becn developed to coat

the samples before imaging [30,48].

(v) Photothermal Lens

Photothermal lens imaging (PLI) has becn adapted from the slUdy of liquid samples to

the study of biological and organic structures which transmit specific wavelengths of laser

light. PU involves passing two different laser wavelengths through the same small

volume of a sample. One laser is absorbed and sets up a thermal lens in the localized

area while the second is defleeted by the associated refractive index gradient [32]. Burgi

and Dovichi have used this technique to image fine structural features in leaves and

measure local diffusivity changes of 1% across the samples [33]. The technique is

sensitive to light absorption requiring absorptivities of only 1 x 10,9[49]. Similar ideas

have resulted in internal optical beam deflection slUdies in transparent substrates [50].

Probe beams are no longer restrieted to the surface, but rather pass through the sample

direcùy and deteet the thermal waves through the spatially dependent refractive index

change within the sample itself•
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(vi) Photopyroelectric Detection

Photopyroelectric effect spectroscopy (PPES), is the photothermal technique used in this

thesis. It involves pJacing the sample in intimate contaCt with a pyroelectric sensor and

measuring the temperature change across the pyroelectric due to thermal waves

transmined through the sample. The technique was fust proposed by Luukkala [51] and

later Yeack et al. used a lead-zirconate-titanate pyroelectric sensor to measure the

diffusivity of a metal coated mylar sample [52]. However, the technique was made

attractive by Coufal [28] and Mandelis [29] who used polyvinylidene difluoride (PVDF),

a pyroelectric polymer as a thin film calorimeter.

Units of the PVDF monomer, vinylidene fluoride (~=CF2)' polymerize to give a

greater than 90% head-to-tail configuration [34]. For this reason the polymer exhibits a

high net dipole moment of its monomer. To obtain significant piezo and pyroelectric

activity the polymer is poled in a high electric field above its Curie temperature which

aligns the electric dipole moment p!:.1JCndicuIar to the surface of the film placing the

fluorine atoms on one side of the carbon backbone and the hydrogen atoms on the other.

When thermal energy is absorbed the PVDF film expands due to the increasing

temperature. This deformation produces a deteetable change in the dipole moment which

can be recorded. By metalizing the front and rear surfaces of the PVDF, electrodes can

be used to obtain the spatially averaged response of the entiIe PVDF film.
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In the experiments by Coufal [28] a 9 pm PVDF film was useclto oblain the absorption

characteristics of N~03-dopedpolymethyl methacrylate films. Later he showed that the

100 nanosecond rise rime of the PVDF was fast enough to st"ùdy nanometer thin polymer

films [53-56]. Mandelis demonstrated the potential of the technique by oblaining the

optical spectrum of H020 3 hydrated powders and monitored the kinetics of the chemical

reduction of CuQ in to metallic copper by Ha [29]. Ghizoni and Miranda saon after

used the method to measure the thermal diffusivity of a silicon crystal using a lateraI

heating source [57]. Mandelis and Zver developed the one dimension heat conduction

reponse of the PVDF signal and categorized the reponse of the detector based on the

optical and thermal properties of the sample and the modulation frequency of the

excitation source [58]. A number of papers followed from Mandelis el al. covering PPES

detection 0; thermal waves with capacitive electrodes to detect structural flaws [59.60).

They argued that since bath the detector and source are localized and can he scanned

independently, the apparatus has the potential to perform tomographic imaging. The use

of pyroelectric arrays for parallel processing has been discussed by Whannore [61 J and

Watton er aI. 62]. Sandhu and Gooding construeted a CCD multiplexer for a pyroelectric

thermal imaging array with 256 point detection elements [63]. These parallel imaging

techniques combined with the potential for tomography using :he capacitive techniques

suggest that parallel imaging with PPES may saon he feasible.

Spectroscopic studies of polymer films with the :?ES technique have recently been

published. Power used rime domain techniques ta accurately recover optical profiles in
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polymer laminates [64,65] and Fourier Transform infrared photopyroeleetric spectrOscopy

of a variety of polymers and epoxies has been demonstrated on a modified co=ercial

instrument [66].

Development of the photopyroelectric effect signal (PPES).

The model used to interpret PPES signals arises from the first photothermal model put

forward to describe the photoacoustic signal [8]. From the approach of the R.G. theory

many workers have adapted the PAS model for application in ail deteetion strategies and

modified the nature of the absorbing medium to span a wide range of sample types.

RegardIess of the deteetion method used these theories have application to photothermal

spectrOscopy in general. A review of the l-D thermal wave mode! is presented here and

developed to promote a better understanding of the physical processes involved.

As mentioned earlier, the thermal wave is a critically damped wave, the exact length (J1)

dependent on the thermal diffusivity of the medium it travels in and the modulation

frequency used. 10 generate it according to equalion (1). The resulting thermal wave is

anenuated to lie of its peak amplitude in one thermal wavelength JI. In addition, the

thermal wave is highly dispersive in nature. The monochrotnatic phase velocity of the

wave is given by 'Il = CJ) p.

A typical photothermal model is set up in Figure 1-2. The sample and the environment

are divided ;nto discrete thermal layers each with its own set of optical and thermal
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• properties. Following the RG thenry the sample and ilS environment are divided into 3

layers: gas. sample. and backing. The heat conduction equation is then written for each

layer in the model and a source term S is included in the sample to account for the

generation of the thermal wave.

(13)

(14)

i gas

ii sample

• iii backing

From the point of view of convention and ease the equations are most easily solved in

the frequency domain. The nature of the source term S is dependent on the nature of the

sample being studied. Polymers absorb light according Beer's law; therefore, for a

optically homogeneous layer in a harmonically modulated light field S can he written as

•
(16) S (x,t) = Ao e lllt (1 + e jOlt)
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• Ao is a constant that accounts for the light intensity and the non radiative conversion

factor. It can he nonnalized and set to unity. Under the same harmonic assumption the

temperature response of the gas, backing and sample due to heating can he wrinen as

(17) T = To e jCllt

Substituting equation (16) and (17) into equation (13-15) yields the thermal wave equation

for each layer (i).

•
(18)

This can he written and solved as the Helmholtz equation

(19) - cl; T· = SI'1 1

is the wave number definition.

•
The Helmholtz equation can he solved in each of the layers in the sample by linearity

and the assumption of harmonie excitation. This produees the remperatuIe response for
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• each layer.

{
-<lX}'(20) Tl = Al (Cil) e 1 el CIl 1 (1) for X> 0

(21) TZ ={AZ (Cil) e~ + A3 (Cil) e -<l2'" - Ao eth }e j CIl 1 (ii) for - 1 < x S 0

(iiz) for x < - 1

•

•

The boundary conditions A1-A4 are coupled together tl:lrough the boumlary conditions of

constant temperature and constant thermal flux across each interface. For Cllch boundary

there are thus two equations, creating a system of 4 equations (2 temperature and 2 flux)

and 4 unknowns (the 4 boundry conditions A1-A4).

The temperature response for any point in the sample or outside of the sample can he

determined as a function of frequency by solving the appropriate equation. For

photoacoustic and photothermal deflection specttoscopy the temperature in the air layer

above the sample is solved. Radiometry requires knowledge of the temperature at the

sample surface x=O or x=-L Photopyroelectric efIect techniques require that the

temperature in the backing layer he solved. Once the thermal component of the signal
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• is calculated, il can be substilUted into the appropriate elecnical equations to obtain the

theoretical pyroelecnic response. The charge (Q) that accumulates in the pyroelecnic due

to a change in temperature tJ. T is given by [67]

(23) Q=ptJ.T

where p is the pyroelectric coefficient. For a PVOF film of thickness d exposed lO a

sinusoidally varying field the average change across the film due lO the pyroelecnic effect

is

•
(24) Q = pt:J' = P {J.-<I+d) T. (X)dx} eiw1

d -1 3

Therefore, to obtain the average charge across the film one obtains the average

temperature fCSllOnse of the backing layer and multiplies it by the pyroelectic coefficient.

The voltage response is given as the charge divided by the capacitance of the film.

(25) V=QlC

•
As mentioned, this model bas been expanded for a wide range of samples and a wide

range of detection techniques. At this point it is of interest lO review the theoretical
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models that have helped forward PPES. Mandelis and Zvet developed the PPES signal

intetpretation in the frequency domain assuming a 4 layet model: gas, sarnple,

pyroelectric, and backing [58]. POWet and Mandelis then derived the time domain

equivalent of the same 4 layer model [68]. Powet expanded on the work by developing

the theory for an arbittary N-Iayet sample that is optically inhomogeneous but thermally

continuous [64]. This work has specific relevance to the study of polymeric systems

which have no significant thermal reflections within the sample itself. The frequency

domain expressions developed in this work are used in chaptet 2 of this thesis. Aamodt

er al. have developed aN-layer model for therrna1ly inhomogeneous and optically

inhomogeneous samples [69]. They model thermal contact resistance as distinct air gaps

of varying thicknesses and have applied the model to intetpret radiometry results. Their

work provided the basis for the thermal model used to inpret the results of ultra thin mm

smdies presented in chapter 4. Iravani and Wick:ramasinghe developed the scanering

matrix approach to forward modeling of the photothermal signal [70].

Many authors have attributed the differences between theoretical and experimental results

to a thermal resistance to heat flow between the different sample layers or between the

sample and detector. Often thermal mismatehes between layers fail to describe the signal

and discrete layers of air are required to get a match between theory and experin;:enL

Patel et al. tried to mode! the thermal resistance as an air layer gap of 1.5 pm between

two layers in the frequency domain [71] and Cielo [721 has donc similar work in the rime

domain. Spicer et al. found that theoretical air gap thicknesses were thinner than those
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detected by microscopy but anibuted the differences to thermal bridges that promoted

sorne heat to pass between the twO layers [73]. Heuret et ai. [74-75] mentions that the

correct description of the thermal response of paint on glass is only possible with a

contact resistance; the best fit between theory and experiment required on air gap of 1.3

pm. They concluded that paint is a weakly adhering layer and the photothermal signal

was independent of the substrate.

While sorne authors continue to develop forward mode!s there is an increasing need to

develop a robust inverse modelling technique to recover optical and thermal parameters.

Forward modelling is an iterative approach where the optical and thermal properties are

estimated and put into the mode! and the theoretical trace is compared to the experiment

to check for agreement. The inverse approach uses the photothermal signal directly to

obtain the optical and thermal properties of the sample.

A theoretical treatment of an inverse model for a thermally continuous and optically

inhomogeneous sample was first proposed by Afromowitz et ai. [76) who cast the thermal

wave problem as the solution of an inverse Laplace transform. Over a decade later

Harata and Sawada improved on their inverse Laplace method and presented the first

experimental inversion in the frequency domain [77]. To measure hardening in stee1

Vidberg et ai. solved the inverse scattering problem for samples that can be depth profiled

using a specific radial geometry [78]. The difficulty with these inverse models is that

they suffer from ill conditioning which makes them prone to eIIOI'S created by small
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amounts of noise. Recently, Mandelis [79] and Glorieux et. al. [80] have proposed more

stable models that appear promising. This topic is dealt with in detail in chapter 5 where

we propose our own inverse mode!.

Signal Recovery techniques in photothennal meast':-ements.

The measurement of the frequency response from linear systems has becn adapled 10 the

measurement of photothermal responses. Frequency domain signal recovery with lock-in

detection dominated the early work in photothermal studies. The pholothermal analytical

signal C'lA) and a reference signal taken from the chopper are mixed by the lock-in

amplifier producing a DC signal and a second harmonic which is filtered. By measuring

the in-phase C'lin) and quadrature-phase at 90° C'lquad) of the photothermal signal the

magnitude IY1and phase I\l of analytical signal can he recovered by:

•

(27) I\l = tan-1 (yq~)
l Yin
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Frequeney domain photothennal spectroseopy tends to yield monotonie phase and

magnitude responses due to the dissipative nature of thermal signals [81-83]. Although

the spectral response is not resonant in nature the phase of the signal has been found to

he sensitive to sample thiekness [84,85], adhesion quality [86], optical properties [58] and

thennal properties [87] of the sample. Adams, Kirkbright et al. fust showed how depth

profI1ing ean he done by phase rotation of the frequency domain signal [88,89]. Sinee

the response of the photothermal system is linear specifie photothermal features can he

nulled out or enhaneed by adjusting the phase offset on the lock-in amplifier or in

software after the signal has been obtained. Mongeau et al. then quantified the process

to separate bulk versus surface features in photoacoustie 5peCtrOscopy [90]. The phase

shift technique has also been adapted by groups studying polymer laminates with

FfIR-PAS to recover full spectra of the individuallayers [91,92]. The depth profiling

capabilities of the phase rotation technique are illustrated in Fig. 1-3 [136]. A polymer

bilayer doped with methylene blue on top and I3-carotene on the bonom was scanned in

a photoacoustie speetremeter over the visible wave!engths al 26 p.z. The amplitude

spectrUm Fig. 1-3b was similar to the conventional absorption spectrUm of the !wo layer

mode!. Rotating the phase of the signal to null out contributions from the interier of the

sample retrieved the phase spectra of methylene blue alone (Fig. 1-3d). Rotation of the

phase signal to null out phase contributions from the surface recovers the spectra of the

~-carotene alone. AIl three spectra were obtained from one photothermal scan.

Frequency domain experiments have the advantage of being relative!y easy to set up,
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simple to operate and any source, coherent or broadband. can be used to excite the

sample. The technique has a large dynamic range and excel1ent noise rejection

capabilities due to the narrow band harmonie measurement technique ( only the signal at

the same modulation frequency as the reference is used to obtain the photothermal

response). The major disadvantage of the technique is that long data acquistion times are

required to obtain a relatively smal1 number of data points (20-50) required to characterize

the photothermal frequency response of a sample. If enough data points at a wide range

of frequencies are recorded the frequency domain signal can be inverse Fourier

Transformed to obtain the photothermal impulse response of the sample according to

x(r) = {J: X(ro) e -jCllfx(ro)dro} 2~

The impulse response would then provide the thermal response of the sample to a pulse

of light at time t=O. However. due to the large amount of data points that would be

required to obtain an accurate inverse Fourier Transform this is not practical.

The impulse response of the photothermal system can be measured by recovering the

sample's thermal response to a pulse of light in the time domain [93-95). The main

advantage of tbis teehnique is the shon period required to recover the sample response

and the resolution of the response is liinited by the data aquistion system. Typically. fast

data aquisition systemS and digitizers with large dynamic ranges are required to recover
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the corresponding spectral infonnation of the sample. Besides the expensive data

aquisition systemS required for impulse measurements there is a fundamentallimitation

to the dynamic range of the measured signal that can be recovered. The impulse response

is equivalent to the zero phase superposition of ail the Fourier components iDto a shon

pulse duration of ô,t [96]. The narrower the pulse the closer all the Fourier components

come to having a zero phase and the wider the corresponding spectral bandwidth. The

subsequent high power of impulse excitation carries the danger of driving the thermal

system into a nonlinear response, and delicate samples may be damaged. The impulse

technique with an extremly large fluence is used to intentionally pit samples in

photothermal ablation techniques, which are nonlinear in naœre.

A third signal recovery strategy utilizes wideband time domain waveforms which have

fiat spectral responses in the frequency domain [97-104]. Using the Fourier ttansform

properties of the waveform both the photothermal frequency response and impulse

response can be recovered using correlation and spectral analysis. There are a number

of time domain waveforms which exhibit a relative1y fiat spectral response: wideband

white noise [93], pseudorandom binary sequences [99,100], quadratic phase-modulated

signals s.;ch as linear FM sweeps or "chirps" [101-103] and amplitude-modulated

phase-modulated spectrometry [104]. The time domain sweep teChniques have the

advantage of not applying ail the Fourier components in phase 10 the sample and thus the

power of excitation is much lower. This reduces the chance of non-linearities in the heat

transfer process and the risk of damage 10 de1ieate samples. The wideband teC1miques
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retain the advantage of fast signal acquisitic.:; in the lime domain, but have a dynamic

range improvement of an order of magnitude [97].

Photothermal imaging using lime domain techniques has the advantage of generating

signais that can he interpreted qualitatively by eye. After heating a sample with a pulse

of light the thermal waves reaching the detector fust will he generated by sources closest

to the dectector. Sources further away will arrive later in the impulse response. The

wideband technique was introduced by Sugitani who used correlation photoacoustic

spectroscopy (CPAS) to depth profile patterns in PVC laminates [99,105]. Although ail

lime domain methods have the theoretical capabilities to yield the same information,

wideband sweep techniques have been found to recover the photothermal signal most

accurate1y. Using correlation and spectral analyis techniques oplimally flat input

autospectra may he obtained 50 that the distribution of source energy is applied evenly

over an modulation frequencies. Mandelis found that the sweep techniques gave access

to wider frequency response and higher lime reso1ution then random excitation techniques

[101]. Power later developed the AM-PM spectrometry which bas the ability to generate

an input autospectrum that is optimally flat over any bandes) of frequencies [104]. The

t~eoretical equations developed permit the user to supp1y the spectral characteristics

needed in an input autospectrum. Then a lime domain waveform is customly synthesized

to excite the samp1e. The AM-PM :spec:aometry technique is used to image PVC

degradation in chapter 7 of this thesis.
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Signal processing strategies of Fourier Transform Infrared teChniques refer to broadband

wavelength excitation rather than broadband frequency excilation. These are usually

interferometer based instruments with moving mirrors that dietate the wavelength of

excitation. The problem with interferometric images is that each wave number (le) is

modulated at a different frequency (Cl)) when a constant scan rate (v) is used. In

continuous scan interferometers the modulation of the excitation beam and the wavelength

of the excitation beam are changed with the mirror position making interpretation of the

results difficult as Il is a function of À.. In step scan FT-IR spectroscopy a constant

modulation frequency can be applied to the entire spectral range permitting unambiguous

depth profiling of thin features. In step scan techniques the spectral depth profile can be

obtained by changing the modulation frequency for different scans or using phase rotation

techniques of conventional frequency domain measurements.

Applications of Photothennal Spedroscopy

Photothermal techniques have been applied to a wide range of intere5ts in the natura! and

applied sciences. To review all the applications is beyond the scope of this introduction.

Rather, a few examples from range of applications are provided and a thorough review

of applications in paints, polymers and coatings is presented. For details on specific work

the leader is referred to the conference proceedings and reviews in references [110-114].

The largest volume of photothermal studies center around applications to electronics and
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semiconduetors. Modulated reflectance in the technique of choice in t.'lis field as the

optical, thermal and electronic properties of setniconductors can be studied [30.311.

Characterization of ion implantation, surface topography. structural defect carrier diffusion

and recombination effects are all found.

Recently photothermal studies of biological samples have èecome more prevalent in the

literature. Biophysics studies of photo processes for vision and have been studied with

PAS [115-117]. The curing of dairy prodUCt5 such as buner and cheese have been studied

with PPES techniques [135} and characterization of algae and bacterial strains is now

possible with PAS spectroscopy [136]. Early photothermal work has been able to

measure the waxy cuticle on leaves [137] and image fine wall structures of various

vegetation [33]•

Photothermal studies are also wide spread in the field of medicine. Radiometry and PAS

is being used to study application of drugs. creams and sunscreens applied topologically

through the skin [118-133]. Studies ofcancer ceUs have been able to distinguish between

malignant and non-malignant tumors and the effect of therapy on melanoma [134].

Photothermal ~tra of normal and diseased aorta in air and in saline solution have been

able to detect diseases such as atberoma which is anributed to plaque build up in the aorta

wall [138-140]. The study of atrial walls is now primarily implemented using laser

ablation techniques in hopes of developing protoCOls for laser surgety. PAS techniques

have been used to studyeataraets [141,142] and Boucher et aI. [117] have done invitro
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depth profiling of chromophores in bovine retina and pigment epithelium from 320­

600nm. They found that photoreceptors in the retina lxgan 20-25 JlIIl below the surface.

Work in the dental sciences and neurobiology has also been reponed [143-145].

Ceramic materials are being promoted for everything from engine blocks to sophisticated

thin films. Photothermal techniques have proven to be adaptable 10 studying these new

materials as they are produced. Voids in ceramics at different depth [146] and epoxy

aluminum interfaces have been imaged with PAS. Weld seams in metallurgy bas been

evaluated with radiometry [147] showing effects of fatigue and cracks. Thermal

conductivity and measurements of 6O-45Onm thin metal films prepared by spunering,

thermal vaporization were compared to crystals and were found to vary up to a faCtor of

4 depending on films thickness and film preparation techniques. The conductivity values

were always lower than those measured in bulk materlals [148]. Highly accurate

measurements of the thermal properties of diamond have been made as the ratio of C13

to C12 is varied in the lanice structure. The isotopically enriched (0.1% and 05%)

diamond crystals had higher thermal conductivities than the non-enriched form [149].

Of greatest interest to the present research are the ongoing photothermal studies ofpaints,

polymers, and coatings.

Photothermal studies of paints and polymers
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Depth profiling of polymer laminates by step scan Fourier traIlsfonn infrared

photoaCoustic spectrOscopy of a variety of laminated polymeric tnaterials has been

collected. Laminate structures of 12 pm ethylene-vinyl acetate copolymer film cast onto

a 60 pm layer of polypropylene were profiled using PAS phase analysis techniques [1501.

The depth profiling failed to recover the true infrared spectrum which was cotrupted by

strongly absorbing features in the ether layer. In addition the results failed to measure

the film thicknesses; it could only detect the pressure of more than one layer.

Photothermal deflection spectroscopy was used to n:cover absorption spectra of

conjugated polymers, poly(I,4-phenylenevinylene) and related derivatives [1511.

However, the depth profiling capabilities of photothermal techniques was not exploited

and the optical absorption properties were emphasized The deflection technique was

found to be sensitive to small absorption constants as the different C-H stretches could

be resolved. SimiIar sensitivity results on a range of organic polymers have been reponed

[154). In the study of bisphenol A polycarbonate overtones and combination resonances

for severa! orders above the fundamental were observed. Assignments to specific C-H

bond resonances could be made and molecular potentials could be calculated. This

illustrateS the sensitivity of the phothermal technique without using the advantages of

depth profiling[l54,155). Thermal stabilities of thin polymer films and relaxation of the

molecular chain structures have been studied as a function of lemperature with PDS [152]

and PTIR. [153). Polyamides exhibit larger thermal diffusivities with increased thickness

[152) where as PMMA films (50-200 pm) were found to have uniform thermal properties

[153). The temperature dependence of PMMA diffusivity between 1500C and -1500C
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showed inflections at 140, 30 and -50"C corresponding to chain relaxations and chain

rotations [153] (ref. Fig. 1-4). The general prob1em in radiometric smdies of co1or1ess

po1ymers is that they have to be coated with a top or rear absorbing layer to get any

optical absorption. This extra layer introduces a source of error in measuring the

properties of the polymer alone.

Korpiun et al. [156] used PAS to determine diffusivity of polyethy1ene-therephthalate

before and after mechanical drawing (spreading). The thermal waves were able to

distinguish the direction of the drawing due to the thermal anisotropy in the po1ymer film

due to the orienting of the po1ymer chains. Smdies done with the mirage effect [157] and

radiometry [158] have also found thermal wave anisotropy to exist between the plane in

which the po1ymer was drawn and plane in which no mechanical shear was exerted. This

illustrates that orientation of the fibers or mechanical shear effects can be detected in

polymer films.

If the diffusivity of the polymer is known the exact thickness may be calculated. Adams

and Kirkbright [159] measured polymer film thicknesses between 10 pm ta 40 pm on

copper using PAS. Using the calibrated slope ofphase vs frequency plots the thicknesses

were found to be in agreement with weighting measurements. Measurements on black

Novolac films (0.65 pm to 2.45 pm) have been performed by CoufaI using PPES [160,53­

56]. Rosencwaig et al. used a combination of therID<re1astic and thermallens imaging

to measure opaque and tranSparent films on silicon substrates [161]. They were able to
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measure films between l00nm to 1 pm using (MHz) modulation frequencies. Radiometry

has been used to measure opaque photoresists on steel [162] and epoxy filler in aluminum

plates has been imaged and measured PAS [146]. The detection of poor adhesion and

surface contamination at polymer aluminum interfaces bas also been reported [158.163).

Thermal wave studies of paint have also proliferated in the literature. Paints and

polymers have similar thermal properties and subsequently thermal wav.:s pass between

them with linIe reflection. As a result, scuffs and fingerprints under a layer of paint on

a po1ymer surface or a delamination all introduce thermal discontinuities which cause

distinct variations in the thermal wave signal [164]. The drying process of paint gives

rise ta strong phase angle changes with modulated techniques [163] and distortion of the

rime domain signal with pulsed [164] optical excitation. Imhof er al. have shown that

paint on metal is also easily studied and have initiated work into studying the weathering

processes in paints. [165,166]. Busse er al. calibrated film thickness to the phase angle

in radiometty studies and used these results to image paint deposited on po1ymer using

spin coating techniques [167]. The reconsttueted image of paint deposition is illusttated

in Fig. 1-5.

The analysis of cured paint and a study of the weathering of paints bas been presented

for silicone alkyd, epoxy, acrylic and polyurethane paints [173]. The changes in pigment

concentration, the 10ss of binder, and changes in the absorption spectrum were used as

a measure of weathering with FI1R-PAS. The change in spectra showing increased
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carbonyls and alcohols correlated weil to the physical degradation of the paint surface but

the authors provided little depth profiling information.

In engineering applications polymers are often strengthened using glass or carbon fibers.

The strengthening depends on the amount of fibers, their orientation, and how weil they

adhere to the polymer matrix. The effects of fiber alignment and polymer fiber mats have

been studied extensively using radiometry techniques. Cielo eE al. detected IJ1IIl steel

fibers in polypropylene sheets [168]. After 30 second heating of the mat with 0.2 mW

laser, the orientation of the fiber could be imaged using an infrared camera. Deom eE al.

studied carbon fiber composites to examine adhesion of the fibers to the substrate.

Results obtained with thermal techniques agreed well with electron micrographs [169].

Busse examined glass and carbon fiber mats [170,171] and Rief continued the work for

part of bis Ph.D. thesis [172].

PAS imaging of diffusion of ink in thin polymer films [175] and paper [174] has been

recorded with rime and frequency domain PAS techniques, xespectivcly. The movement

of ink through the substrate resulted in phase shifts in the frequency domain and

significant changes to the impulse response in the time domain. Results of the diffusion

study in the time domain are presented in Fig. 1-6. Ink placed on top of the film

absorbed light and caused a fast impulse response. As the ink moved into the film energy

was dc::posited deeper in the polymer and the impulse response was delayed. Using the

theory of pho~ustic spectroscopy the authors were able to determine that the ink
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diffused into the film according to Ficks law and diffusion co-efficients could be

estimated. Recovery of optical profiles in multilayer color photographic film has been

done with PAS [176]. Results were interpreted with a modified R.G. model and showed

that the film responded uniquely to different wavelengths of visible light
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Outline of research goals

The objective of this thesis has been to develop techniques for quantitative depth profiling

of optical features in polymer films. Work done 10 date had shown that qualitative

profiling of optical and thermal properties is possible in a wide range of polymer samples

but litt1e work had been done to determine exactly how much quantitative information can

be recovereci. Before photothermal techniques will be adopted by chemists for routine

analysis it is necessary to develop clear experimental protocols and a sttong theoretical

understanding of the principles so that we can define the conditions under which

meaningful results can be obtained from the signals.

We have chosen 10 study the photothermal spectIOscopy of polymer films because of the

broad use of polymers through out the chemical field. Polymer science bas extended

beyond synthetic chemists to inorganic chemists who dope the films with metal centered

complexes [177,178] for application in sensors and 10 study the chemistry of inorganic

species in a thin solid films. Depth profiling of the metal complexes in these films would

help determine the uniformity of doping and spatial dependence of the signais generated

in sensor applications. Electroehemists now use polymers such as Nafion 10 coat

eleetrodes and need techniques 10 study the polymer electrode interface 10 be certain that

the electroehemical signal is a true signal and not an effect of adhesion. Ph010thermal

studies of polymer metal interfaces can be related 10 the bond strength by studying the

thermal reflections at the interface. Chemists in the electtonics industry are interested in
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characterizing the optical and thermal properties of thin polymer films as a function of

film t1ùckness and as a function of the age of the film. This is increasingly irnponant as

scientists suive to make devices smal\er, faster, less expensive and longer lasting. In

sorne cases ooly one polymer such as a specifie polyamide may have all the

characteristics needed for a specifie application. Fmally the packaging industry uses

polymer laminates for carrying and protecting a wide range of consumer products. For

example plastic soft drink bottles are multilayer structures with specifie layers acting as.

respective\y, agas barrier, another as a liquid barrier, one for snength, one for color. and

one for the final finish and texture. A nondestructive tool for evaluation of these cornplex

structures would be valuable to the polymer induStry as a whole.

A second reason for choosing polymer substrates is that most properties of the common

polymers have been reported in the literamre; therefore, the results of photothermal

analysis can be compared te results using conventional polymer characterization

techniques te determine the quality of the data obtained. This is of particular relevance

te chapter 7, where photothermal imaging of photodegradation in PVC films is presented.

Without a background knowledge of the photodegradation processes in PVC the

Pllotethermal images may be more difficult to interpret.

The work in tIùs thesis will be divided inte four parts. The first part (chapter 2) will

show that the depth dependent optical profiles of multicolored polymer laminates can be

quantitative\y recovered. We then correlate adhesion of polymcr films spin coated t'l!!:\
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aluminum substrates to the thennal reflections at the polymer-metal interface (chapters

3 and 4). The third pan then develops an inverse model that will recover the thennal flux

profile from the pholOthetmal impulse response. This can then be related to the optical

profile allowing one 10 obtain easily interpretable results from the photothermal signal

(chapter 5 and 6). This inversion technique can be applied to any photothennal

measurement and can be developed for application in other spectroscopie techniques such

as fluorescence. Chapter 7 then examines photodegradation in PVC films exposed 10 high

light fluxes.

Before the introduction chapter is concluded we examine what is known about

photodegradation in PVc. This will serve as background 10 the photodegradation smdy.

Depth profilïng photodegradation in polymer films

The degradation profile of artificially weathercd polymer films bas been studied in a wide

range of polymers including poly (vinyl chlotide) (PVC), polypropylene (PP),low density

polyethylene (LDPE) and polystyrene (PS). Polymers such as PS that have chromophores

absorb UV light and degrade due 10 the formation of excited triplet state chromophores

which provide the energy for the peroxides and radicals 10 fonn. This type of polymer

has a degradation profile closely related 10 the light absorption profile in the film.

However, as the degradation of the film is initiated the optical absorption profile in the
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polymer is changed due to the formation of new chromophores. primarily in the region

of the highest light absorption. This dynamic process of light causing degradation and

degradation causing a change in light absorption causes a final degradation profile that

is centered around the regions of highest light absorption (usually at the surface).

The degradation smdies of the fust three polymers paralleled each other as none of these

polymers absorb UV radiation, rather, impurities and damages in the backbone initiate the

degradation process. Secondly, ail of these polymers have a very small diffusion

co-efficient for oxygen. This results in rapid oxidative degradation near the film surface

and non-oxidative degradative processes in the bulk of the material. The different

mechanisms of degradation create different byproducts which can be imaged

independenùy at their wavelengths of absorption.

Degradation profiles of polymers with no significant UV light absorption

To model the effect of oxygen diffusion in a relation to the oxygen concentration at a

certain depth and time C(x,t), the following equation is usually assumed [179):

dC (x,t) 1 dt = D [ d2c(x,t) 1 dx2 } - f (C(x,t))

Here D is the oxygen diffusion coefficient, and f(C(x,t)) is a function describing the
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oxidation rate as a function of C(x,t). Sïmplifying assumptions usually state that D is

independent of C [180], D does not change as the polymer oxidizes, and that dC/dt =0,

Le. the oxygen concentration profile is Steady state and that oxygen consumption is

matched by the diffusion into the polymer [179,181,182].

A consequence of these assumptions is that the degradation profile remains constant with

time and ooly the level of degradation increases. This, as would be expeeted, does not

fit all of the observed data. Anempts ta modify f and vary D in arder to match the

degradation profiles has 1ead to the ideas of different regimes of degradation depending

on the distance from the surface into the sample [181]. Anomalies in the observed data

are anributed to microcracks in the polymer which permit oxygen to penetrate into the

po1ymer film. Results on LOPE suggest that microcracks at the surface do exist and

cause a variety of surface degradation profiles, but deep into the sample beyond the

cracks there is a region where the degradation profile remains conStant with time and ooly

the level of degradation increases [183].

Schoo1berg and Vink [184] profiled carbonyl formation and embrinlement of degraded

PP samples by microtoming 14 pm slices from the surface. The top most layer was often

50 brittle that ooly the dust could be recovered to be packed into KBr for IR studïes.

Samples were degraded 100-1300 hours and had carbonyl profiles extending 100-600 pm

into the sample. The shapes of the profiles changed considerab1y with time, use of

stabilizerS, and samp1e preparation techniques. Typically, a concave carbony1 profile was

41



•

•

•

seen at shon limes while a flat region followed by a shoulder was predominant at longer

limes. Results are illustrated in Fig. 1-7.

Rappon [185] found similar results in thick pp films but found more consistent profiles

in the thin pp films. He attributed this to lower internai stress in the thin films and

subsequently less microcracking of the films. However studies on lDPE [186] show no

change in profiles between thick and thin films. This suggests that polymer type.

preparation, and stabilization [183-185] play a major role in crack formation.

Aleksandrov [186] has studied the degradation profile in PVC. It was found that the areas

of photoxidation and dehydrochlorination are removed from one another in space:

photooxidation (carbonyls) occurred near the surface, while dehydrochlorination prodUClS

(polyenes) fonn a layer beneath the oxidized one. The ketone concentration grows to a

maximum value at which point Norrish type reactions degrade the chains (see below).

Behind the oxidized layer dehydrochlorination OCCUIS resulting in po1yene formation. The

rate of oxidation along the backbone increases as the polyenes are formed and more light

is absorbed. This self feeding reaction is then said to "zipper" aIong the backbone of

PVC promoting the e10ngation of the polyene sequences. Optical profiles are shown in

Fig. 1-8.

Depth profiles obtained by microtoming 15-20 pm layers off the surface showed that

po1yene concentration rises quickly at 20-30 pm into the film. The polyene layer was
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found to grow as large as 200 JlIIl thick depending on wavelength of irradiation and

duration. In contrast ketone formation appears as a maximum at the surface and drops

off very rapidly with depth. After 20 JlIIl very little ketone was found. Lemaire [187­

190] does not argue these observations but has shown that the degradation profiles change

in PVC doped with photoactive pigments such as n02 and the thickness of films used.

Specifically he suggests (although has not demonstrated) that films less than 100 JlIIl thi::k

will not he deprived of oxygen and subsequently will show less variation in the optical

profiles due to photooxidation and bleaching of the polyene sequences. Also, low M:W

additives such as plasticizers and colorants will diffuse out of the thin films masking

whatever minor changes may be due to dehydrochlorination thereby making the results

irreproducible and often inconclusive.

The reason for the rapid degradation of pure PVC is somewhat a puzzle as its lower

molecular weight analogues are very stable structures. For example 2,4-dichloropentane

and 2,4,6-trichloroheptane are stable to over 300°C while PVC will degrade at 800C

[191,192]. Early NMR studies shows that radical polymerization produces a polymer that

is about 90% polymerized head to tail while up to 10% of the linkages account for

various allen Structures such as head to head Structures, double bonds, branching and

groups containing oxygen which are totally foreign to PVC (Le. residual initiators,

carbonyls and hydroxyls) [193,194,195-197,198-202].

The two most like1y sources of backbone defects that initiate degradation are the carbonyl
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groups present in PVC as bom ketogroups [203,204] and chloroearbonyl groups [205] and

double bonds in me polymer backbone [199,206,207]. The carbonyl groups initiate

oxidative degradation through Norrish type 1and Norrish type ndegradation mechanisms

resulting in chain scission along me polymer backbone.
o
1

-c-c.-C.-C,-H

Norrish type l - cleavage at me Cl carbon.

o 0
1,\ It~ Il

-c+c- -~....... _co + -c-
'1 11-'" 1

Norrish type 2 - abstraction of a y hydrogen and cleavage of the ~ carbon

o 0
l, b 1

CH~CCH'fH,CH. Il _ ,,' ' CH,CCH, + CH,-CH,

The double bonds initiale non-oxidative degradalion (dehydrochorination) of me polymcr

backbone due 10 the labile natII1'e of the tertiary chIorides. Studïes of low molecular

weight analogues bave shown that chIorides next 10 the double bonds are easily removcd

from the backbone by both photo and thennal mecbanisms 1beprocess is exothermic;

therefon:, one dehydrochlorination step provïdes energy 10 iniriare the next and as a result,

once the process stll1'tS, it prooecds quicldy in what bas been termed a "zippering" n:action

down the backbone of the polymcr [208]•

44



•

•

•

The most common method of measuring the dehydrochlorination is conductometric

analysis of the HCl evolved in the degradation process [209-210]. Accompanying the

dehydrochlorination is a loss of mass as the HCl group accounts for over 50% of the

atomic mass of a single monomer unit. Loss of mass correlates closely with the

conductometric measurements [211]. These trends are summarized in Fig. 1-9.

In the pre~ceofoxygen oxidative processes compete with the non-oxidative process and

produce chain scission by the two Norrish reactions. This means that in the presence of

oxygen there is increased mechanical and physical degradation of PVe, but the polyene

sequences are shorter than equivalent degradation stUdies under nitrogen.

Instrumentation used in depth progiling studies

ATR and IR studies [212] have been used to examine surface versus bulk properties of

polymer films; however, no attempts to profile functional groups or degradation bas been

undertaken. Similarly, photoacoustic [91,150,173,213] studies on surface versus bulk

polymer properties have not provided any depth profiling information. Most chemists

have failed to recognize the advances made in photothermal techniques over the past

decade and do not exploit the technique to its full advantage. Initial profiles of polyenes

and carbonyls were made by taking microtome slices from the surface of the polymer,

mixing the polymer into KBr pellets and studying their spectra using conventional IR and

UV techniques. Recently the depth distribution of oxidation produets in anhydride cmed
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epoxy was studied by IR titration on microtomed slices. The profile was related to

oxygen diffusion in the media. However. the technique is destructive and can be only be

applied to specific polymers [214]. A Raman microscope has been used to profile

po1yene sequences in PVC samples along the degradation axis [215]. The Raman

microscope scanned with 10 pm resolution by shifting a 100 pm wide beam 10 pm at a

time and recording the response of each scan in a box car averager type fashion. No

comparison to other techniques was provided to show if this form of data acquisition

skewed the observed profile. The high laser powers required for Raman microscopy have

been found to burn polymer samples as images are recorded.

Most recenüy. Gardene er al. reported on the effects of experimental conditions such as

oxygen pressure and film thickness in PVC [216]. Although a large amount of work has

been published on the subject of optical depth profiles in PVC the autholS felt the data

was still incomplete and anempted to profile both carbonyls and polyenes in

photoclegraded PVc. Carobnyls were profiled with an FTIR microscope translating a 14

pm beam across the films. The polyene sequences could ooly be studied by laminating

five 125 pm films of PVC together. degrading the laminate. then delaminating the

structure to study to optical absorption in each of the five layers. This gave a polyene

profile with ooly 125 pm resolution. The significanüy large error bars on the graphs

depicting the depth dependent optical profile of polyenes showed that this approach

provided no new information about the polyene sequence distribution. Results illustrated

in Fig. 1-10 give coarse estîm:.1es of the optical profile as a function of depth. The
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longest polyene bands are located in the central region of the pve film away from

oxygen. The exact polyene profile depends on expetimental conditions including

temperature. Their techniques were not only coarse but destructive and very rime

consuming. The preparation of the laminates. the delamination and the spectrosCopy on

the individual Jayers could easily take a week.

We feel that the thermal wave techniques would he ideally suited for depth profiling the

optical profiles genetated during photodegradation ofpve films. Polyene bands absorb

in the near UV and visible where laser wavelengths are available for monochromatic

studies. Depth profiling at èifferent wavelengths will enable 3-D mapping of specific

polyene bands. The short conjugations will absorb at shon wavelengths while the longer

conjugations absorb in the longer wavelength. We will not profile the oxidative processes

as we Jack a suitable IR source, but the technique could easily he used at any wavelength.

We will show that profiles of polyene bands can he obtained quicldy, reliably and non

destructively with much higher spatial resolution than is being obtained with conventional

optical techniques.
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Fiq. 1-5 Paint deposited on polymer substrate ~ spin
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Fiq. 1-7 carbonyl index versus depth for (a) non-stabilized
and (b) stabilized pp at various deqradation times. A lOOh;
• 200h;. 300h; 6600h; 0 900h; c 1300h. [184]
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Fiq. 1-8 (a) spatial distribution of absorbinq products at
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(b) Trace (a) is the total carbonyl content in the
PVC fillll. Trace (b) carbonyl qroups due to
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Fig. 1-9 (a) Photodegradation of PVC foils at room temperature
under (0) N2, Air, 02, SO'02/S0'N2.
(b) Dependence of dehydrochlorination on the weight of
PVC foils. Total Hel elimination - 666 ug. [211]
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Introduction

Photothennal speclI'oscopy comprises a group of newly developed analyricaltechniques

which have applications in various aspects of materiais characterisation including the

speclI'oscopic depth profiling of laminates and thin films.

The potential for studying multilayer samples using photoacoustic and photothennal

techniques was recognised in the early 1980's (1-9). Early srudies using these techniques

provided mostly qualitative information about the optical profiles in samples consisting.

rypically of a small number of discrete layers. Photoacoustic srudies have been carried

out on multilayer color photographie film (1) and the imaging of optieally absorbing

impurities in polymer films (3). Other photothermal techniques sueh as optieal beam

deflection (6.7). radiometry (8.9). thermoelastie imaging (10.11) and photopyroeleetric

spectrOscopy (PPES) (12.13.14) have shown abilities to depth profile subsurfaee thermal

information in opaque samples. These techniques are also capable in principle. of optical

depth profiling. Overall, the photothermal technique of choice becomes dependent on

depth profile resolution. sensitivity, sample size. sample geometry and the availability and

cost of instrUmentation.

Of the above techniques listed PPES is especially weil suited for the srudy of thin films

due to its high sensitivity and simplicity. In a typical PPES measurement the samp1e is

s.."Cured directiy ta a pyroelecuic- deteetor which is used to monitor thermal waves
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transmitted through the sample. Recent!)' work has heen published showing the

application of AM-PM wideband impulse PPES in the study of thin films (l~). The work

showed that thennally homogeneous and optically inhomogeneous laminates can he

speclroscopically depth profiled with micron scale ;esolution. The thickness measurement

of transparent overlayers on opaque samples was demonstrated and techniques for image

enhancement were discussed. One of the drawbacks of AM-PM wideband speclrometry

is that it requires a laser (at least in its present form) and a relatively sophisticated

instrument setup. In contrast. frequency domain photopyroelectric effect spectrOmetry

(FD-PPES) with lock-in amplifier detection requires less sophisticated signal processing

and less expensive instrumentation; it accesses the full optical spectrum when broadband

sources are used, and it provides an equally sensitive thennal probe. Pseudo random

binary sequence (PRBS) spectrOscopic techniques may encode a pseudo random sequence

omo a mechanical chopper wheel and therefore. are not limited to laser sources either.

However. the PRBS measurement suffers frt>m poor spectral quality (a non-uniform power

spectrum) and usually requires an FFI an:Jyzer to recover the signal (15).

In this work FD-PPES will be used for the fust rime as an optical absorption depth

profiling tool. The teChnique will be used tO image multilayer samples with a variety of

arbitrary depth profiles of the optical absorption coefficient. Experimental and theoretical

results preseilted will demonstrale the high sen..":Ïtivity of the teChnique tO subsurface

absorbing regions and the micron resolution with which they can be profilee!. We will

descrïbe the required instrumentation and discuss üle ümitations ·of the teChnique.
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References made to impulse studies previously made or. similar sarnplc:s will enablc: a

comparison of the !WO measurement techniques \l~).

Instrumentation

The consnuction of a frc:quency domain photopyroelectric spectrOmeter for teh spatial

depth profiling of chromophores in polymer films is presented in deuil in Appendix A.

Important features of the insnument that are relevant to photothermal speclroscopy are

discussed here. The experimental apparams used in this work is diagrammed in Fig. 2·1.

The excitation source was an Argon Ion (Coherent Innova-70) pumped dye laser system

(Coherent 599-01) operated with Rhodanùne 60. The output of the dye laser was

adjusted to 10 mW with a polarizer, modulated with a mechanical chopper (Ealing

Sc:entific) and directed onto the sarnple surface. A large spot size, between 3mm tO 5mm

in diameter, was used to ensure one dimensional heat conduction through the sarnple.

The pyroelectric cell design is shown in Fig. 2-2. The pyroelectric transducer is a 28 pm

film of polyvinylidene difluoride (PVDF) with a NiAI coating as supplied by Atochem

corporation. The ceU body is made of PMMA Plexiglass with inlaid brass electrodes

which contaet the upper and lower surfaces of the PVDF film. The PVDF is held flat to

the bonom of the ceU using a thin layer of silicone vacuum grease and the sarnp1e is

anached to the top of the PVDF with optical epoxy (EPOTEK #302-3). Thermal
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continuity between the sample and cell backing is obtained as the samples. epoxy. PVDF.

silicone grease and P~~A all have similar thermal efflux ratios (14). The entire cell is

surrounded by w aluminum E~I shield and the signals It:aving the pl'Toel",ctrÏc detector

are shidded by coaxial cables before being coupled into a differentiai amplifier (Tektronix

A~502). The amplifier was adjusted intemally to give a 200 MQ input impedance and

a bandpass of 0.1 Hz te 0.1 MHz was used during ail experiments. The output of the

amplifier was read by a lock-in amplifier (EG&G PAR 5101) which took the reference

from the chopper. The signais were covened using a 12 bit IBM data acquisition system.

The spectrometer was automated and controlled from the keyboard of an IBM PC-XT

using a software program wrïtten in the ASYST language (Asyst Technologies !ne.).

Samples were synthesized from commercial mylar sheets or from Kodak Wratten gel edge

filters. The mylar sheets consisted of ca. 2.5 )lIIl of pigment on a sheet of clear mylar

(thickness ca. 25 }lm). An adhesive backing on the mylar film was removed using

methanol to prevent thermal contact resistance between layers of the sample. Adhesion

between layers of the composite was achieved using the optical epoxy. Layer thicknesses

were measured with a micrometer. optical absorption values for the mylar and Wratten

gel films were obtained on a HP-8452 photodiode array spectrometer with a spectral

resolution of 2mn.

Theoretical calculations were made based on equation (l) as descrii'ed in appendix B.

The derivation of the equation is based on a N layer 1aminate that is thermally

homogeneous and optically itthomogeneous (14).
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Results and discussion

(il PPES cell design

A critical aspect of FD-PPES is the design of the pholopyroelectric cell. The pyroelectri.:

is a transducer for thermal signals as well as background acoustic waves. and

electromagnetic interference (EMI). It is also a sensitive receiver for piezo activily. stray

light and air currents. In addition. any thermal resislance between lhe PVDF film and

Plexiglass backing potenticlly causes thermal waves tO be partially reflected al the PVDF

backing interface. generating an observed thermal response which consists of a sum of

the incident plus reflected thermal wave components. Consequenùy. the observed signal

consists of conaibutions from all these individual sources. making the recovery of the

transmined thermal response alone difficult. To prevent thermal reflections from

conaibuting to the signal a thin layer of silicone greasc is deposited belWeen the back of

the PVDF and the PMMA holder and the PVDF is laid flat and flush against the cell

backing..Stray light due 10 sample reflections of up tO 50% of the incident beam saike

the EMI shield and become reflected back onlO the surface of the PVDF. If the

reflections saike a bare portion of the pyroelecaic film, a background signal will be

generaled which adds 10 the measured sample response. This contribution will be

measured by the lock-in amplifier because il is modulated al the same frequency the

thermal waves are generated. In impulse PPES measumnents this Stray light componenl

is a less serious problem as it is present in the rime domain response al very early time

delays and it is weIl separated from the sample response; significantly for polymer
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• samples in the thickness range 10-100 pm. FD-PPE5 signais. like al! frequency domain

photothermal responses. tend in general. tO be broad and relatively featureless. the

observed signal having contributions from ail sources that respond at a particular

frequency. The magnitude decays monotonically with increasing frequency.

•

Consequently. FD-PPES does not separate the background components with frequency

and it is therefore necessary tO insure that the Iight reflected by the sample is directed out

of the cel!.

An imponant source of electrOmagnetic interference is produced in the windings of the

variable speed chopper which is in close proximity tO the detector. As the chopper

increases speed the windings generate increased interference which can be detected by the

PVDF film. To reduce the effects of this interference along with air current pulsations

generated by the mechanical chopper, a shield is placed around the chopper body to

separate it from the cell. Impulse measurements are typically made with pulsed laser or

acoustooptically modulated laser sources so that these EMl and air pulsations do not

contribute significantly. The presence of these background signais in FD-PPES is most

easily deteeted in the magnitude response of the signal which tises continually as a

function of increasing modulation frequency instead of falling off exponentially as the

thermal diffusion lengths become shorter.

The design of the electrical coupling network ahead of the differential amplifier is critical

in obtaining the true thermal frequency response of the sample. An equivalent circuit of
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the PPES cell is shown in Fig. 2-3. A description of the circuil response has been given

elsewhere (14. 18. 19) bUI the importanl frequency domain characleristics are pointed out

here. The heated pyroelectric functions as a capacitor with a lemperalure dependent

dielectric conSlanL Such an element is equivalent 10 a voltage source in series Wilh the

PVDF film capacilance if lemperarure changes are small. The resistance RI and

capacitance Ct are contribuled by the inpul resistance of the preamplifier along with the

combined capacitance of the signalleads. bandpass filler and preamplifier. The electrical

frequency response of the PPES cell was recorded experimental1y by placing a voltage

generalor in series with the unirradiated PVDF. The high pass fùle! was fixed al 0.1 Hz

and the low pass fùter was varied from 3 kHz 10 1 MHz. Ideally the voltage frequency

response of the pyroelectric transduce! should be flal in phase and magnitude 50 that

variations in the signal with frequency are due tO the thermal response of Ihe

samplelpyroelectric combination. The results presented in Fig. 2-4 reveal thal an

optimally flat frequency response is obtained using a large input impedance RI' and

minimizing the bandpass signal filtering. CI' The argument for opening the filter

bandpass 10 100 kHz is the uniformity of the phase frequency response (Fig.2-4a). Below

a 100kHz bandpass the phase falls off linearly with frequency due to the group delay of

the fillers. Above 100 kHz the phase response of the detector does not change and excess

white noise will be let into the signal The magnitude, Fig. 2-4b. of the signal is al50

optimally flat' with a 100 kHz cutoff frequency. Note that the inlensity axis of the

magnitude plot has becn expanded to accentuate the fluCtuations in the deteetor response

with fIequency. If the vertical scale is taken down to the origin. all three plots appear flat
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with frequency due to the decreased resolution of the graph. Fig. 4c shows that as the

input impedance of the preamplfier is decreased from 200~ the transfer function loses

ils uniformity and at low input imped?nce values the circuit behaves as a differenti:llor.

The phase plots are linear with frequency. The results presented below have been

correcled for the nonuniformities in the transfer function of the phase (c.f. Fig.2-4a) al

low frequencies.

(ii) Optically Homogeneous and Tbennally Homogeneous Samples

To study the case of optically and thermally homogeneous samples Kodak wranen gel

edge filter #29. measUIed tO he 100 J1IIl thick, was anached to the PVDF film and the

thermal response investigated between 620 and 580 nm. The results are presented

graphically in Fig. 2-5. At 620 nm the absorption coefficient is small. Most of the light

is transmined by the sample, snikes the PVDF. and is partially absorbed by the NiAI

coating. Reflection of the beam at the PVDF surface causes it tO be passed thrcugh the

sample a second rime. In this regime of low sample absorption significant high

frequency response is observeci, m&.:h of it due te the contribution of the PVDF. Here

the magnitude of the frequency response (Fig. 1-5b) is sensitive te smaIl increases in

sample absorption which reduces the contribution from the PVDF and subsequenùy

reduces the high frequency component of the voltage response. The phase of the signal

(Fig. 2-5c) is relatively fiat with frequency and insensitive to smaIl changes in ~. the

absorption coefficient of the sample•
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As the wavelength of excitation is decreased to 610 nm the value of \3;: increases and

more light is absorbed by the "--ranen gel. The magnitude response now drops in imensitv

more quickly and the phase response shifts down the phase axis and falls off increasingly

with frequency. ln the mid range of \3;:. the frequency response is determined by the

spatial profile of the optical absorption in the sarnple. Subsequemly. in this region of the

spectrUm the wranen gel theoretical model shows an acute sensitivity t:> the ret1ectivity.

R. of the PVDF NiA1 coating. This agrees with earlier fmdings (20). The higher the R

value the more light is reflecred back into the absorbing film. "Through out all of these

experiments a reflection of 90% or R=O.9 was found to give the beSt match between

theory and experiment. This value is consistent with previous work (14).

s ~ is increased to large values (5xlO" m") the optical deposition length approaches a

spatial delta function located at the top of the sample and photothermal saruration is

approached. Subsequenùy significant thermal response is obtained only at the lowest

frequencies. In the frequency range of the experiment (5C-400Hz) almost no thermal

energy reaches the PVDF from the sample. Consequenùy a relatively strong background

component interferes with the signal causing the observed voltage response and phase

signals to J.evel off over and above the result predicted by theory. Therefore te srudy

poiymer samples of greater than 100 pm thickness with FD-PPES. the mechanical chopper

must have a range which extends below 50Hz, otherwise the sample thickness must be

reduced. Since many polymers have a thermal diffusivity in the range 8x10.• te 4xlO.7

m2/s it is safe to conclude that the FD-PPES spectrometer is limited te srudying polymer
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films that are less than 100 pm thick.

ln contraS!. the alternative technique provided by impulse PPES signal is able to resolve

the 100 pm edge filters at high ~ values without the frequency limitations experienced in

this study. The main reason for this is that impulse PPES (at least in wideband mode)

is capable of resolving frequencies as low as 0.2Hz. where the thicker samples respond

strongly. Since there is sufficient signal strength maintained during the frequency sweep.

a weil resolved background interference. and a much llIrger data point volume. somewhat

thicker samples may be srudied (14). The calculated therm'l1 diffusivity of the Wranen

gel filter using R=O.9 and a 3 J1tIl epoxy coupling layer is 1.4x10·7 m2/s.
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(iii) Optically Inhomogeneous and Thermally Homogeneous ~lultilayers

The effect of distance on the FD-PFES signal was srudied by moving the thermal source

away from the pyroelectric and monitoring the frequency domain signals. This was

achieved by preparing laminates which consisted of 2.5 llm of blue myler (~ greater than

lxiOs mol over the entire wavelength region) above 30. 65. and 8211m of clear colorless

mylar and optical epoxy. The only function of the thin blue layer was to act as a narrow

absorbing region which was much thinner than the thickness of the intervening layer.

This gives a good approximation tO a spatial Dirac delta function in these studies. The

irradiation wavelength was fixed and no spectral dependence of the layer was studied.

Results show that the slope of the phase increases with the distance the source is moved

away from the PVDF (Fig. 2-6a). The norma\ized magnitude frequency response of the

signal alse decreases more rapidly with frequency as this distance is increased (Fig. 2·6b).

At modulation ftequencies greater than 200 Hz the ünearity of the phas;: response with

ftequency is lost and the slope tends to level out. The linear region of the phase response

can be used in practical applications to measure the distance between absorbing layers by

means of a prepared calibration curve of phase versus thickness for samples of known

thickness and thermal diffusivity. A second effect of distance on the phase of the signal

is a shift of the entire curve down the phase axis with increasing distance. Theoretical

plots made at 10w fteqeuncies show that the phase curves, while they do approach each

other. do not converge to a single value at zero hertz.
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Fig. 1·7 gives an illustration of the ability of the phase response to resolve the

conoibutions of two close1y spaced absorbers placed a significant distance away from the

PVDF. The upper and lower thin absorbing layers consisted of green and red pigment

with absorption spectra given in Fig. 1·7a. The sample was made of a 30 .um base layer

of transparent mylar. two thin absorbing layers (separated by not rpore than 3 Ilm of

epoxy) and a 1S Ilm transparent overlayer (Fig. 1·7b). At 610 nm the green layer only.

absorbs and the phase of the signal drops off linearly to 100 Hz (Fig. 1·7c). As the

wavelength of excitation is scanned towards 600nm the red and green layers both absorb.

the absorbing region doubles in thickness moving the thermal source profile away from

the PVDF. As a result. .he phase of the signal drops along the vertical axis. At SSOnm

the red region absorbs ca 90% of the light effectively moving the heat source funher

away from the PVDF. The phase frequency response is shifted further down. Note that

for this sample a net change of S pm in the position of the thermal source provides an

absolute phase shift of one radian. Therefore. for a given polymer system the distance

of an absorbing layer cao be related to the position of the phase a10ng the phase axis for

a set frequency value. Consequenùy. accurate theoretical modeling of FD·PPES

experimental data requires correct correlations with the magnitude of the signal. the slope

of the phase signal and the exact offset position of the phase curve along the phase axis.

When a match betwen experimental data and these three parameters is achieved one can

be confident tliat the sample response has been modelled correcùy.

The presence of a transparent overlayer has been shown to be detectable in the rime
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domain PPES signal (14). Thermal waves generaled :lllhe seurce e~:c:nd downwards to

the pyroelectric senser and upwards 10 lhe air/polymer interface whc:re they are fully

reflecled and e~lend back lowards lhe PVDF. Allhough lhis reflecled comoonent of the- .
signal is slI'Ongly allenualed il does contribule to the impulse PPES signal al low

frequencies. Current FJ)-PPES instrumentation has inadequale low frequency response

10 resolve lhese frOnt surface reflections al mosl lhicknesses. Thermal waves which are

reflecled at the 10p surface affect the observed signal minimally. Therefore FD-PPES. can

be designed to avoid low frequency delection and may be used 10 depth protïle samt'les

without observing contributions due tO thermal reflections at the sarnple-air interface.

These reflections yield information about the thermophysical structure of the sarnple. and

are detected in wideband PPES. under inversion. corresponds 10 the risetime region of the

PPES impulse response. Subsequenùy. the rising portion of the PPES impulse response

contains a greater sensitivity to the depth profile of optical absorption. being free of

thermal reflections.

Laminate films with weil separated absorbing regions show a characteristic response that

can be related to the subsurface spatial profile of optical absorption and the distance of

individual absorbers from the pyroelectric. This sample type is exemplified in Fig. 2-8(a)

which illustrates a multilayer mylar sample composed of a 60 pm spacer between a red

and green absorbing region. The sample is contaeted 10 the PVDF with 5 ).lm of optical

epoxy. At wavelengths where the red layer is tra.'1sparent and the green layer absorbs.

the magnitude of the signal remains SlI'Ong over a range ofS~Hz (Fig. 2-8b) and the
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phase response is shifted slightly down the phase azis dropping less than 1 radian. Fig.

2-8(c). Both of these traces indicate that the absorbing region is located near thr

pyroeleccic surface. As the exciœtion waveiength is scanned tO 590 nm the incident

bcam is partially absorbed bl' the tOP layer. the transmilled component is then partial!y

absorbed by the bollom layer. the small amount of light that is cransmitted through both

layers has 10% c, ilS energy absorbed by the PVDF. The remainder is retlected. and

passes through the sarnple a second time. The observed phase has concibutions from the

tOP layer. the bottom layer and the NiAI coating of the PVDF. At low modulation

frequencies the concibution from the top layer dominates the phase response.. Fig. 2·8(c).

and subsequenùy the phase is shifted down the phase axis and begins to drop off rapidly.

As the modulation frequency is increased the thermal diffusion length is shonened and.

as the contribution from the top layer is reducee!, the bonom layer contribution begins tO

dominate the response. The phase response of the bottom layer begins to dominate the

observed phase as the concibution from the lower layer is increased. Therefore a

minimum and IWO distinct regions with different downward slopes are observed.

indicating IWO distinct absorbing layers. At 580 nm the red layer absorbs nearly 100%

the incident light and subsequenùy there is a large phase drop due to the large distance

of this source from the pyroelecttic. A trend is also seen in the magnitude which drops

offrelatively slowly in the 600-610 nm region. As the red absorbs more of the light there

is an infiection point along the wavelength axis below which the magnitude frequency

response drops more shaIply until 58Onm. In the wavelength range where this transition

is observee!, a concurrent transition in the photothermal phase occurs.
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A laminate with the sources separated yet funher is illustrated in Fig. 2·9a. It is similar

tO the previous sample except that it has a green absorbing region on the surface and J

red absorbing layer on the bottom. There is an 80 ).lm transparent region in bc:tween J

5 ).lm layer of epoxy coupling the sample tO the pVDF. In mylar samples ~haraclCrized

by at le:!St 75).lm separating twO thennal sources the magnitude (Fig. 2·ge) exhibits arise

with frequency which coincides with a sharp phase shift (fig. 2·9c) along the wavelength

and freqvency a~is·. The peak in the magnitude is about 10 nm wide at the base l595·

605nm) and can be resolved better in frequency with an increasing distallce between the

rwo absorbing regions. The experimental and theoretical results agree within experimental

errer. One rnight expect the magnitude of the signal to decrease monotonically with

frequency as the therrnal wavelength decreases and less thermal energy reaches the

pyroelectric. However. this rise in energy can be attributed to a thennal wave

interference which occurs in the sarnple. Polar plots of the theoretical response of each

absorbing layer in the sarnple at 50, 70. 110 and 200 Hz are prese:'Ited in Fig. 2-10. At

50 Hz (Fig. 2-10a) the magnitude of the PVDF vector (triangle) is 2.5 units and has a

phase of 19°. As the frequency of modulation is increased the phase of the vector slowly

decreases tO 4.5° at 200 Hz (Fig. 2-1Od) and the magnitude stays about the same. This

shows that the PVDF contribution to the observed signal does not change significantly

with frequency. The square syrnbols represent the thermal response of the bonom

absorbing layer of the sarnple. At 50 Hz the vector has a phase angle of 11.7" (Fig. 2­

10a) and a magnitude about 25 units. As the frequency of modulation is increased the

phase angle swings into the negative quadrant of the graph and by 200 Hz this \"CClor has
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a phase angle of _10° (Fig. 2-IOd). Both the phase and magnitude of the bonom layer

vector also stay relative1y constant indicating that the contribution of the bonom layer to

the observed signal does not change significantly with frequency in this region. At SO

Hz the vector representing the tOP absorbing layer (circles) has a phase angle of 188° and

a magnitude about 25 units (Fig. 2-IOa). At 70 Hz (Fig. 2-10b) the phase angle is ISO"

and the magnitude has decreased tO 15 units: at 100 Hz (Fig. 2-1Oc) the phase approaches

90° with a magnitude of 3 units and by 200 Hz (Fig. 2-IOd) the phase is _17° with a

magnitude less than unity. This illustrates that the top layer contributes less thennal

energy and the phase decreases rapicily with increased modulation frequency. Note that

at 50 Hz the phase of the top absorbing layer is 180" OUt of phase with the bonom

absorbing layer and the PVDF. Since the thennal waves add vectorially this will reduce

the length of the resultant vector of the sample to a tIÙnimum in magnitude. However.

as the modulation frequency is increased. the phasor from the top layer swings into phase

with the other phasors and drops in magnitude simultaneous1y. Therefore there is an

intermediate rise in magnitude at about 110 Hz as the 0 phasor swings intO the 90"

quadrant. A decrease in magnitude follows as the thermal wavelength from the top layer

becomes shoner and the magnitude of the top phasor is corresponding1y reduced.

A samp1e with three absorbing 1ayers was construeted as shown in Fig. 2-1I(a). A 2.5

pm from a green absorber which is 30 pm above a second red absorbing region. The

total samp1e thickness is 105.5 pm p1acing il at the limit of the spectrometer's maximum

thickness reso1ution capabilities. Fig. 2-11(b) shows the phase frequency response of the
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laminate as a function of wavelength. At 610 nm. trace li). the thennal signal originates

from the green layer and dominates the observed response: the phase falls off linearlv to

about 250 Hz. This response matches that of a single absorbing layer placed 37 llm from

the PVDF.

As the wavelength is scanned to 6OOnm. trace (2). the green layer continues to dominate

the phase response at low frequencies. however. as the modulation is increased the

thermal waves reaching the pyroelectric are damped. contributions from the bonom red

absorbing region begin to dominate the signal and the observed phase approaches the

flaner. highter phase response of the closer thermal source. At 59Onm. trace (4). the

phase response exhibitS contributions from ail three absorbing regions. The initial phase

rise is artributed to the tOP red layer and green layer dominating the observed signal. As

the thermal diffusion length from the top layer becomes too shon to reach the pyroelectric

the phase rises from a steep drop (occuring below 50 Hz) due to contributions of the

green and bonom red absorbing regions. Between 80 and 170 Hz the phase falls with

frequency due to the contribution from the green layer. which dominates the phase.

Above 200 Hz the phase converges to the response expected for the bonom layer alone.

This plot is expanded in Fig. 2-11c to accentuate the rising and falling of the FD-PPES

phase signal. Note that there are now three slopes and two minima indicating three

absorbing regions. However. the contribution from the top layer is minimal. at even a

frequency as low as 50 Hz; a significanùy slower chopping frequency would be required

tO observe the effect clearly. As top red compo!lent begins to absorb more of the light

76



•

•

the mean position (as averaged spatially over all layers) of the thermal source is shifted

further away from the PVDF and the phase responses are shifted down the phase axis.

At 585 nm. trace (5). the red source at the tOP of the sample is ab50rbing most of the

incident light and the green middle layer absorbs most of the lI'ansmined portion. The

mean heat source position moves up imo the laminate thereby increasing the phase lag

with frequency. By 200 Hz the thermal diffusion length is ca. 20 pm. 50 that the

contributions from the middle and top layers are strOngly darnped before reaching the

PVDF. At wavelengths where the tOP begins to absorb almost all of the light the phase

response of the frequency domain signal drops down the phase axis and has an increased

slope due tO the increased distance the thermal waves must tIavel before reaching the

pyroelectric. At 580 & 570 nm less than 1% of the light passes through the top absorbing

region and all the thermal waves must tIavel the length of the sample to reach the

pyroelectric. Subsequently. the thermal signal is very weak and background signals

interfere significantly. As a result the thermal response of the sample in these regions are

not analytical and are hard to interpret accurately.
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Conclusion

We have shawn that FD-PPES has the capability of depth profiling multilayer polymer

laminates in a non-contact. non-destructive manner. The technique provides accurate

results with good signal ta noise ratios for polymer samples less than 100 )lm thick

provided. the PVDF equivalent circuit is correctiy designed. and its transfer function is

accounted. for. Samples with absorbing regions separated. by more than 75 IIm exhibit

thermal wave interference effects which cause the magnitude ta rise. rather than fall. with

modulation frquency giving a characteristic peak in the magnitude of the frequency

domain signal. The phase of the FD-PPES signal is sensitive to the distance that thermal

sources are located from the pyroelectric. The ratio of the Iight absorbed. by each of these

various sources also contributes significantiy to the observed. response. The further an

absorbing region is positioned. from the pyroelectric the steeper the phase drop with

frequency. and the lower the modulation frequency range required to interrogate the

source. As a consequence, multilayer samples have frequency domain phase signais

which exhibit multiple slopes. where a change of slope is observed for each individual

absorbing region and where intervening minima appear in the phase response.
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Fig. 2-3. The equivalent circuit of the PPES eell showing the PVDF eapacil3llce

(Cp), amplifier input impedance (RJ and the input capacil3llee (Cu.
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Chapter 3:

Rapid Recovery of Wule Bandwidth PhoroIhermal Sigoals via Homodyne Pholothermal

Spectrometry: Theory and Methodology
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• Introduction

Pholoacoustic and phOlOthennal techniques have occupied a unique position in

speclToscopy because they are capable of depth profiling lhe thermal and optical

properties of very thin specimens of thicknesses on the order of microns (1.2). These

techniques use thelmal waves as probes of subsurface structure in malerials. A thennal

wave (3) can be considered as an oscillaring ternperature variation in the sample.

which. in the case of pholoacoustic and pholothennal techniques. is esrablished by light

absorption from a modulated beam of radiation. The depth profiling capability of these

methods derives from the dependence of the wavelengtl: of a thermal wave on the

modulation frequency of the heat source generating the wave (3). This relationship is

expressed through the frequency dependence of the thermal diffusion length. J.L on the

modulation frequency. CIl:

J.L = {2a/rol1/2

where Ct is the thermal diffusivity of the sample material.

(3-1)

•

The depth of penetration of a thermal wave generated ai a surface is limited to a

subsurface distance of 2nJ.L because thermal waves are critically damped with distance

in a material. Consequently. a variation of the modulation frequency controls the

sampling depth from which information may be IeCovered.

Because of the inverse relationship between the thermal diffusion length and the

modulation frequency. very high frequencies are required to analyse shallow subsurface

profiles (of the order of hundreds of nanometers). In highly conducting media such as

semiconduetor materials. for example.. modulation ftequencies of the order of MHz are
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• required tO image subsurface features of the order of a few microns thickness (.Ut

Typically. such measurements require expensive high frequency detection equipment.

The classical signal recovery strategy in cases where high frequency information is

recorded. involves the sinusoidal intensity modulation of the excitation beam with

detection using a narrowband device such as a lock·in amplifier. In this measurement.

the system is allowed to achieve a steady state harmonic response at each frequency. A

recovery of the photothermal system's frequency response. as magnirude and phase. is

made on a pointwise basis at al! frequencies of interest within the system banc!width.

With this method. clearly. long times are required tO recover a high resolution depth

profile of the sample.

A more rapid depth profiling method is available using pulsed excitation (6). An ideal

impulse consists of the zero phase supetpOsition of al! excitation Fourier components

within a bandwidth which is wide compared to the system response. Consequenüy. the

impulse method applies al! excitation frequencies to the sample simultaneously. In the

time domain. the effective thermal diffusion length is given by a time dependent

quantity:

(3-2)

•

The above expression is consistent with the observation that a heat pulse travels to a

greater distan~ with increasing lime delay, and that a lime lag is required for heat

conduction from the surface to some buried subsurface feature.

A third signal recovery technique is provided by wideband photothermal speetrometry,

in which the sample is excited by a lime dependent waveform whose aUlospectra1

density function is uniform over the photothermal response bandwidth (2,7,8). This
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approach takes advantage of the Fourier transform relationship existing between the

system's frequency and impulse response. and recovers both functions at high resolution

using correlation and spectral analysis techniques.

At frequencies above 100 kHz. all of the above methods become expensive to

implement inslIUmentally. The impulse measurement typically requires a fast boxcar

integralor or transient recorder. Narrowband deteetion requires a high frequency lock-in

analyser. which is typically available at much grealer cost than the usual audio range

inslIUmenL Finally. the audio range signal analysers that are typically used by

wideband methods. require expensive inSlIUmental modifications to enable

measurements 10 be made above 100 kHz.

The availablilty of a rapiè and inexpensive method of signal recovery al medium to

high frequencies would clearly provide ready access to thermal wave depth

profilometry and imaging at submicron resolution levels. Homodyne phOlothermal

spectrometry (HPS). which we present here. is a lechnique which satisifies both criteria.

HPS is b3sed on low cost instrumentation. and exhibits bandwidths grealer than 10

MHz.

The homodyne spectrometry principle developed here, in addition to solving a high

frequency bandwidth problem in phOlothermal spet:troscopy, has general application in

all branches of linear spectrometry, a category which includes measurement in

FT-NMR, linear FT- mass specaometry and modulated fluorescence deteetion. The

special value of the homodyne method in photothermal l>pecaoscopy lies in the

capability for resolving the depth dependent thermal and spectral properties of very thin

layers based on a very low cost apparatus.
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This work is divided into rwo pans. In the flISt pan of lhis work. the Iheor..· and

experimental implementation of homodyne pholothermal specO'otr.etry is demOnStraled.

An inexpensive apparatus design is presemed. This design may be implememed Wilh

readily available laboratory componems. The performance of Ihe method for sorne weB

characterised photothermal syslems is then discussed. In the second pan of lhis work.

chapter 4. HPS was applied 10 pholothermal measuremems of thermal diffusivilY in

ulcrathin polymer films, at thicknesses less than 200 nm. Il is also exhibiting Ihe

potential 10 evaluate interfacial adhesion phenomena in a novel and sensitive

measurement. The experimental HPS methodology reponed in chapler 4 may also be

used, without modification, for depth profiling the optical absorption of thin films on

submicron length scales.

The principles of homodyne photothermal speccromeay are iIluscraled in Fig. 3-1. The

method uses a linear frequency sweep, x(t), with a duration of miIliseconds 10 seconds

to excite the photothermal system. The photothermal system yields an amplitude and

phase modulated response wavefonn. y(t), with a bandwidth extending from a few

kilohertz 10 severa! megahertz, typicalIy. The photothermal response, y(t) is

downshifted to a bandwidth of one kilohertz by multiplication with the drive sweep.

x(t) using a mixer stage. The mixer output consistS of the sum of a downshifted signal,

which is centered near baseband, and additionai high frequency signal components

swept aI rwice the drive frequency. The downshifted component, under the conditions

derived below, yields an output signal which is proportional 10 the real or in-phase pan

of the photothermal system's frequency response, dispersed as a function of time. Its'

high frequency bandwidth can be made as low as a few hundred hertz by adjustment of
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(3-3)

• experimental conditions such as sweep rate. The downshifted componem is recovered

using a baseband filter. which simultaneously rejeclS the high frequency sweep

componenlS oUlput by the mixer.

From the real part of the system's frequency response. which is given by the

downshifted componenl, it is possible to recover the magnitude and phase. as weil as

the system's impulse response, via computational procedures, which take advantage of

the causality of the response of physical systems (10,11).

The HPS technique resembles lock-in detecrion in principle, except that there is no

requirement for the system under test tO achieve a full steady state. As seen in the

discussion section below, the capability of HPS for scanning the frequency response in

shon times is not shared by conventional lock-in techniques.

The conditions for which the homodyne technique yields meaningful resullS are

ouùined below.

In a pracrical system excited by a linear frequency sweep. the excitation waveform is

iniriated at 1=0. and is characterised by an instantaneous frequency. (OOi) which varies as

a function of rime. The resulting output consislS of a 'squeezed wave' as shown in Fig.

3-2. The sweep is initiated al zero frequency and tenninates at t=T. which defines the

sweep duration: The waveform is wrinen (12,13):

x(t) = : (eillSt2 + e-jllS~} w(t)
2

where 5 is the sweep rate in Hz/s. and w(t) is a boxcar function, which acCOunlS for the

finite duration of the sweep:

• w(t) = U(t) - U(t-T)
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• where U(t) is the unit step (Heaviside) function.

In the derivation below. the abbreviations Cl). =2/3t and /3 =1tS will he frequentlv used.1 •

The fonner quantity is an instamaneous frequency which varies linearly with time.

The output response wavefonn of the photothermal system. y(t). is evaluated via the

convolution integral:
. ., . .,

y(t) = ~ f T eJ/3o(" h(t-t) dt + ~ f T e-Jf3't'"h(t-t) dt
-0 -0

(3·5)

where h(t) is the impulse response of the system under test. and in practice includes the

response of the photothermal system, and all fùter stages which lie ahead of the mixer

stage.

The Fourier ttansfonn of the linear frequency sweep of equation (3-3) is given by:

(3-6)

where * denotes complex conjugation and where F(x) is the Fresnel integral, given by

F(x) = I~ l x~} du (3-7)
~ Ir 0

At large.values of the arguments

• (3-8)
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• This expression corresponds to the Fourier transforrn of an ideal linear frequency

sweep. without the effects introduced by the finite time duration of the sweep. The

inverse Fourier transforrn of the above expression approximates tO an acausal waveforrn

of the forrn:

(3·9)

•

., .,
where we use the abbreviations x+(t) = e+jJ3t- and x'<t) = eojJ3t- .

The maximum values of the sweep rate and sweep duration permined to give a good

approximation tO the above case is determined by setting the argument 1~ 73 T ±!!! 1

2~73

~ e where e has a value of 10 or greater. for a maximum errer of 5% in the

approximation.

Under these conditions. for a given value of S. the region of small errer in the

frequency domain is given by: fmin < f < fmax where fmin = e ~ Ir/S and fmax = ST 0

e ~ Ir/S • where the errer is considered as a deviation from the transform expeeted from

an infinite duration sweep. Homodyne photothermal spectrometry uses bandpass

filtering to limit the detection bandwidth of me response signal, y(t). at bom high and

low frequencies. If fmin lies below the low frequency cutoff and fmax lies above the

high frequency cutoff. then the effectS of time windowing of x(t) may be neglected in

the analysis below.

The expression for y(t) may men be approximated by me integrals:
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(3-11 )

• ., ., ., .,
y(t) = [~eÎ/3t- !_- e-j~'t" (eÎj3t""h('t")} d't"+ ~e-jj3t- f_- e-j(-~)'t" le-jj3t""h(rl} dr]"lt)

(3-10\

which relate tO a pair of Fourier Transforms in the timelike variable r as seen by the

following expression: .,
fi «(l).) =J - e-jCll;'t" {eÎJ3t""h('t")J d't"1 ._

This expression may also be wrinen in rectangular form for convenience:

H(~) =HR(~) + j H1(Clli)

The output of the physical system under test may then be expressed as:

y(t) = ~ [ e-jJ3t2 H*«(l).) + eÎ/3t2 H(Q).) J
_ 1 1

(3-12)

(3-13)

We now examine conditions under which HR(Cll) gives a good approximation to

HR(Cll), the real part of the photothermal system's frequency response.

Expansion of the exponentials e±jfX2 in equation (3-10) in a Taylor's series and

application of the elementary theorems of Fourier analysis gives y(t) in terms of the

following series:

(3-14)

•
when: H(,,\) is the frequency response function of the physical system under test

expressed. in terms of the instantaneous frequency "\. The above expressions relate the

Fourier tranSforms of the phase modulated signaIs H(œ) to the photothermal frequency
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response, H(CIl). When the rate of variation of H(~) with CIli is sufficienùy slow. the

zeroth order term in the expansions are propomonal to the real part of H( Cl).):
1., .,

y(t):: i [eif3t- H(CIli) + e-jf3t- H*(~) ] (3-15)

The above conditions are met when H(~) varies sufficiemly slowly with the

instantaneous frequency. that the values of all derivatives of order higher than m =0

are very small. This corresponds to the steady state harmonic condition. At higher

sweep rates. tenns of order m:>O become significant. These tenns give the conaibution

of the non-steady state signal components to y(t). For a known frequency response

H(CIl). the conditions required for quasi-steady state harmonic detection may be

determined theoretically and any departures from this assumption may be quantitatively

computed. With a sufficiently slow sweep rate, the quasi steady-state condition can be

met, as seen through the direct proportionality between ~ and S. It is alse clear that

frequency response functions which vary rapidly with frequency require an inainsically

slower sweep rate to meet this condition, than systems whose frequency response is a

slowly varying function of the frequency.

The mixer stage yields an output, z(t) proportional to the product of the two inputs.

Under the conditions assumed by equation (3-15) above, the mixer output is given by:

z(t) :: i HR(O\) + i [HR(~) cos(2Pt~ + HI(O\) sin(2f3t
2

) ]

sin(tp(~»sin(2Pt~ ] (3-16)

which explicitly relateS the mixer signal ta the magnitude IH(~)I and the phase tp(~)

of photothermal frequency response.
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The nùxer output eonsists of the superposition of twO eomponents: a fundamental.

slowly varying component. HR(COi)' whieh is eentered at the baseband. and a high

frequeney term in parentheses. swept at the second harmonie of the drive frequeney.

We refer tO the flrst of these eomponents as the 'downshifted' or 'down-eonvened'

nùxer eomponent. sinee it is down-converted in the mixer by the homodyning with the

drive sweep. The second harmonie terms are aise referred to as the 'up-eonvened'

eomponents. A low pass (baseband) fiiter (referred to below as the nùxer post-fIlter) is

used to rejeet the high frequeney up-eonverted response and eleanly reeover HR(co).

Typieally. the passband of the nùxer POSt fiiter extends from DC to about 1 kHz.

The downshifted eomponent, proportional to HR(~) at low frequeney eonsists of the

projection of the magnitude of the eomplex frequeney response in phase with the x(t)

drive signal. as seen from equation (3-16). Both phase and magnitude ehannels of the

photothermal system response may be reeovered from HR(~) by the procedure

outlined below.

In pràctiee, two setS of filters are used by the homodyne method. In addition to the

nùxer post-filter required to recover~(21X). a bandpass pre-filter is imposed on the

y(t) response signal before it is introduced into the mixer CÙCuiL The funetion of this

pre-filter is to limit the y(t) signal's detection bandwidth. ensuring that the recorded

signal traCe, HR(2Pt) anenuates tO zero stnoothly at the start and end of the input

record. Thermal waves pose a particular problem in this respect, because the response

magnitude typically increases monotonically with decreasing frequency. The bandwidth

of the swept photothermal system response cannot be cilowed to extend tO zero

frequency because a weil defined low frequenCYIegion must be used to detect the rime

varying mixer eomponent HR(2Pt). This deteetion Iegion cannot be allowed to overlap

the bandwidth of the swept photothermal response. or the second harmonie component
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passed by the mixer will be detected at the low frequency end of the sweep. This

second harmonie contributes a systematic interference tO the recovered system

response.

A schematic diagram ouùining these requirements is given in Fig. 3-3. The bandwidth

required to detect HR(2/3t) is set by a fixed postfilter with lowpass characteristics

extending from 0 Hz to sorne cutoff frequency Fel' The larger the value of Fel. the

faster the permined time variation of HR(2,6t) for detection without distortion. The

theoretical analysis of this effect is ouùined below. Concurrenùy. as Fel is increased. it

is neccessary to set the prefilter's low frequency cutoff, Fa, tO a correspondingly large

value to avoid overlap of the photothermal information passband with the detection

passband for HR(2,6t).

This low frequency pre-filtering of y(t) carries the penalty of a loss of low frequency

information in the measured photothermal frequency response H(CIl). As seen in the

results section, this loss of low frequency information has no biasing effect on the

measured frequency response data (inside the prefilter passband) for the systems

studied. In the computation of the photothermal impulse response, however, the

filtering of the low frequency information has dramatic effects which must be

aceounted for when comparing the experjmental results with theory. While

deconvolution comes 10 mind as a possible solution, a preferred route for signal

processing has been convolution of the electtical impulse response of the photothermal

instrument, with the theoretically predicted impulse response. This procedure is

discussed in detail in chapter 4. The measured electrical transfer function of the

insuumental system, in practice, would be obtained from the cascade combination of

the photothermal transducer, the AC coupling network normally used at the input of

most preamplifiers. and the transfer function of the prefilter placed ahead of the mixer.

92



•

•

The drive sweep delivered to the photothermal system in these experiments has an

almost ideal flatband autospectrum. and relative to the information band set by the

combination of traIlsducer and prefilter. the sweep's autocorrelation function behaves as

an ideal impulse. This condition can easily be arranged in photothermal systems which

use acoustooptically 'chirped' CW laser beams. lt is easy tO ensure that the output of the

generator supplying the frequency sweep is flat as a function of frequency. Wide

bandwidth acoustooptic modulators (with high frequency cutoffs of up to 50 MHz) are

readily available and give flat modulation depth with frequency over their rated

bandwidths.

Fig. 3-3 illustrates the relation between the mixer post-filter passband. the pre-filter

stopband and the bandwidth of HR(2I3t). From the theorems of Fourier analysis. the

Fourier traIlsfonn of HR(2I3t) is evaluated as

!~~ e-jCIX{ H
R

(2I3t)} dt = h
e
(-cd2{» (3-17)

where he(t) =h(t)U(t) + h(-t)U(-t). The significance of this quantity is discussed in

more detail below.

As seen in the figure, increasing the sweep rate to large values causes the traIlsform of

H
R

(2/3t) to shift to high frequency, where it eventually overlaps with the passband of

the mixer post-tilter. This condition produces distortion in the recovered response.

because the signal variation of HR(2I3t) becomes rapid compared to the impulse

response of the mixer post-tilter.

In measurements made with conventional lock-in amplifiers, the real and imaginary

parts of the photothermal system response are recovered by deteetion in phase and in

quadrature. A direct recovery of the imaginary part of the system response is obviously
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• possible in HPS by mixing the y(t) response signal with a quadrature frequency sweep.

A wide bandwidth quadrature filter would be required in order to make this

measurement. adding to the coSt and complexity of the apparatus.However. since the

photothermal impulse response is causal. a Hilben transform relationship exists

between the real and the imaginary pans of the measured frequency response (10). The

real or the imaginary pan of the frequency response is. by itself. sufficient to recover

the magnitude. phase and impulse response of the system by computational means.

Since. in HPS. the real pan of the frequency response is recovered over the full

bandwidth of the system. it is possible to use computational means to generate the other

representations. An ouùine of the algorithm is giyen below.

If the system impulse response is causal (Fig. 3-4(a» it can be written as the

superposition of evet. (he(t» and odd (ho(t» components:

he(t) and ho(t) are given by:

he(t) = h(t) U(t) + h(-t) U(-t)

ho(t) = he(t) sgn(t)

where sgn(t) is defined as:

(3-18)

(3-19)

(3-20)

sgn(t) = [ _~ 20
t<O (3-21)

•
The even and odd components Fourier transform individually as:

l - e-je« he(t) dt = HR(OJ)

-
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The system's impulse response. h(t) is readily recoverable via inverse transformation of

HR(Cll) tO give he(t). followed by imposition of a window on he(t) to suppress all

signal energy at t<O tO zero. In systems which use the discrete Fourier transform. this

operation is equivalent to zero fl1ling one half of the input time record. Forward

transformation of the windowed time function. he(t)sgn(t) then yields the real and

imaginary pans of the system response direetly (Fig. 3-4(bn.

Expaimeillal sa:tioD

Homodyne photothermal speetrometry was implemented in this worlc by means of the

instrument diagrammed in Fig. 3-5(a). Fig. 3-5(b) shows the time dependence of

waveforms observed at various points in the instrument. In these experiments. we tested

the HPS principle using laser photopyroelectric effect spectrometry (9.15). The drive

signals in the experiment wae linear frequency sweeps. supplied by a low COSt

sweep/function generator (Hitachi model 1FG 4613) with source bandwidths of up to

10 MHz. An FM modulation depth of 1000:1 was available from the main generator by

means of an internaI voltage controlled oscillator (VCO), whose frequency was

controlled by an externally applied analog vOltage. as is typical of many low cast

sweep genemors. The VCO control signal consisted of an analog voltage ramp (-2.0 to

oV) which was supplied by the output of a 10 bit digital-to-analog convener (DAC),

driven under compu~ controland resident on a Labmaster DT 5712 data acquisition

board (Scientific Solutions. Solon, Ohio). A frequency counter (Brunelle Instruments)

was used ta calibrate the generator outpUt as a function of the applied voltage.
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The sweep supplied by the main generator. was used to drive an acousto-optic

modulator and was simultaneously connected tO the reference channel of lne mixer

circuit described below. The acoustooptic modulator was used to intensity modulate the

Argon ion laser beam which irradiated a thin sample deposited on the surface of a thin

film pyroelectric detector. The pyroelectric detector yields an output voltage. y(t).

proportional to the average tempera= change in the thin film. This mode of detection.

termed 'photopyroelectric effeet speetrometry' has been used to recover spectroscopie

and thermal information from min film samples in a manner analogous tO photoacoustic

spect!Oscopy (15).

The modulated signal recovered from the PPES cell was conditioned using a wideband

pre-amplifier (TEK AM 502) directed into a bandpass filter (Kronhite model.KR

3103A) with a bandwidth adjustable from 10 Hz (highpass) to 3 MHz (lowpass). The

conditioning filtèr was used in arder to ensure attenuation of the y(t) wideband signal

tO zero at both edges of the frequency span as is essential for accurate recovery of

frequency and impulse response information.

The filtered y(t) signal was coupled to the input of a downshifter circuit built in house.

The output of the downshifter circuit is applied ta the input of a 12 bit analog-to-digital

conv::ter (AOC) (Labmaster DT 5712, Scientific Solutions, Solon Ohio), where an

acquisition rime interval of severa! milliseconds or greater was used for data

acquisition..The VCO ramp and data acquisition operations were performed by

software routines written in assembly language. The computer used to log all data was

an IBM PC-XT compatible operating at a frequency of 8 MHz.

The design of the downshifter circuit was built around the Analog Devices AD 834

four quadrant double balanced mixer. Bath x(t) and y(t) inpUts are terminated with 50
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ohms at the mixer inputs for signal impedance matching. The AD834 outputs consisted

of a differential current amplifier pair. These outputs were shunted to ac ground

through 50 ohm precision resistors. The differential output voltage appearing across the

pair of 50 ohm loads was ± 400 mV for IV peak-to-peak input levels in x(t) and y(t).

The diff~rential output signals were filtered using a pair of ftrst order low pass filters

whose bandwidths were adjusted tO ca. 1500 Hz. These stages consisted of a pair of

passive lowpass RC sections buffered by individual voltage followers. The passive RC

sections efficiently couple al! up-converted sweep components and high frequency

feedthrough to ground ahead of the audio range voltage followers. while ttansmitting

the ultra low frequency HR(2/3t) signal. If the high frequency signal components are

smoothly anenuated to zero ahead of the voltage follower stage. audio range

operational amplifiers may be used without instability. The outputs of the filter stages

are coupled to a differential amplifier tO eliminate the substantial de offset which is

nansmined by the previous stages. The outputs of the AD 834 are pulled up to 5V so

that a large common mode dc offset is present on both signal channels. A balanced

differential amplifier is used to eliminate the common mode offset, provide gain. and

reference the output signal to analog ground.

The entiIe ciIcuit was laid out and etched onto a fiberglasslepoxy printed circuit card.

Large ground planes, and shon lead lengths to ground were used to minimise signal

delays. Care was taken in lead placement to avoid radiation of !!igh frequency (>1

MHz) interference components into signal channe1s, the establishment of ground loops

and the generation of high frequency feedthcugh. The latter source of interference my

be especially troublesome above 5 MHz. The ciIcuit perfonnance in terms of high

frequency bandwidth and electrornllg'letic interference levels was very sensitive to lead

layout ptocedmes. The current design exhibits a bandwidth of > 5 MHz. and
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feedthrough levels of less than 2% at 10 MHz.

Signal pt'OCessing algorithms

Ail high level signal processing was carried out using the ASYST language. The mixer

output signal was proportional to HR(2j3t) as shown in equation (3-16). The measured

system frequency response is characteristic of the photothermal system in cascade with

the preamplifier input filter and the bandpass signal conditioning filter (Fig. 3-3). Due

to the causality of the impulse response exhibited by this system, h(t), 1H(œ) 1 and rp<œ)

were recovered by means of the algorithm outlined in equations (3-21 3-24).

The original recording of HR(2J3t) was recovered in 4096 point format, where the first

204lS points of the record are repeated and time invened in the second half of the data

record (Fig. 3-6(a». Keeping in mind that the 'lime' axis in this plot is aetually an

instantaneous frequency, the inverse Fourier transform of the input record is computed

as in Fig. 3-6(b) 10 yield he(t). It should be kept in mind that the discrete inverse

Fourier transform (DIFT) assumes that the entire lime record is repeated periodically

beyond both edges of the data record. In the format used by ASYST, data extending

from N/2 to N (where N is the data record length, 4096 points) is a periodic extension

of the data extending from -N/2 to 0, and therefore cOIresponds to the portion of the

signal record for t<O assumed by the DIFT computation (14). Seen in this way, the

signal he(t) is clearly both real valued and even, as expected. Also, th~ operation of

forcing the second half of the input record 10 zero is equivalent 10 the operation

he(t)sgn(t), on the discrete lime (Fig. 3-6(c» data. The latter yields the desired estimate

of h(t), which, under forward ttansformation gives the estimate of H(œ) as magnitude

and phase (Fig. 3-6(d) and (e».
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Opc:rating cooditioos

In order for the homodyne spectrometry measurement to be properly implemented. 'h<:

experimental conditions must be maintained in agreement with the assumptions of the

theoretical derivations. The main factors to be considered are the sweep rate. S. and the

bandpass of the mixer post-filter.

In the present experimentS. measurementS were carried out close to the harmonic steady

state. over most of the frequency span. This gives the advantage of a relatively large

signal amplitude. compared to fast sweep systems. where the effective peak response

signal amplitude is proportional tO (1/ ~S) .

A key factor limiting the sweep rate in these experimentS is the bandwidth of the mixer

post-filter used to process the data. As the sweep rate increases. more and more of the

signal energy in HR(2I3t) is shifted to high frequencies. and the bandpass of this

down-converted signal transient begins to overlap with the roll-off curve of the mixer

post-filter as in Fig. 3-3. However. if the passband of the mixer post-filter is increased.

its capability for rejecting any contribution from the up-converted signal componentS

present at the lower end of the sweep frequency range is diminished, and the post-filter

tranSmitS this leakage, resulting in an oscillatoIy interference. in HR(~) at low

frequency.

The maximllIl1 allowable sweep rate is suongly dcpendent on the form of H(OJ)

recovered for the system. Fig. 3-7 and 3-8 show [wo different experimentally measurcd

frequency response functions acquired using the downshifter system. In Fig. 3-7. the

test system was a four pole ButterWorth filter with bandpass set from 1 kHz te 500
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kHz, and swept from 1 kHz tO 1 MHz. Fig. 3-8 shows the frequency response data

recovered for a thin film pyroelectric effect detector. These detectors are characterised

by a short risetime (which may be made less than one nanosecond), and a slow decay

which is characteristic of thermal conduction.

Because of the highly dissipative character of the photothermal frequency response.

H(Cll) and HR(Cll) roll off rapidly with frequency for the pyroelectric sensor. The

Butterworth filter response varies much more slowly with frequency. The recorded

homodyne signal. HR(2j3t) therefore tends tO vary much more rapidly in rime for the

pyroelectric sensor than for the Butterworth filter. A much slower sweep rate must be

used for the photothermal system. therefore, in oroer to ensure a negligible contribution

of the higher order derivatives in equation (3-15) to the mixer output, and to ensure that

the variation in rime of HR(2J3t) is much slower than the impulse response of the mixer

post-filter.

Fig. 3-9 also shows the impulse response recovered for the thin film pyroelectric sensor

at various values of the sweep rate. The form of the sensor's impulse response recorded

at the slow sweep rate matches the decay profile expected from theory as outlined in

chapter 4. The effeet of sweep rate is Most severe at long times in the impulse

response, corresponding to low frequencies. This is not surprising: the response peak in

H(Cll) is centered ncar 0 Hz and therefore HR(2J3t) reaches a sharp maximum near t=O.

HR(2/l) is made slow in rime compared to the impulse response of the mixer output

filter only for sufficiently small S. The HR(2J3t) component transmitted by the filter

under these conditions is fIee of broadening effeets contributed by the output filter.

The signal fideliry of our homodyne spc:caomClty apparatuS was evaluated by

comparing frequency response data, recorded using the homodyne method, with
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Standard lock-in analyser traces. This comparison evaluates whether the magnitude and

phase response channels are being correcùy recovered at ail frequencies within the

detection bandwidth. Two different test systems were used to make this confumation.

At high frequency, a Bunerworth bandpass fiiter with a response from 3 KHz to 3 MHz

was used as the test system to ensure that the homodyne recordings accurately

recovered the high frequency signal data without distortion. In Fig. 3-10, the homodyne

measurement of the frequency response of the filter is compared with independent

steady state harmonic measurements. Beth magnitude and phase recordings show

agreement te within experimental errer. This result confirms that the assumptions used

to derive equations (3-16 - 3-24) applied in the experiment. It furthermore confirms the

absence of feedthrough artifacts as weil as phase distortion and other problems related

to circuit layout that are common at high frequency.

The second test evaluated the capability of our homodyne apparatus for recording a

highly dissipative SYStem response without distortion. To make this test, a thin film

pyroelèetric sensor was overcoated with a ca.. 2 pm overlayer of ink, which acted as an

opaque blackbody absorber layer. Heat conduction through the ink layer is a relatively

slow process and the frequency response associated with the heat conduction process

shows a response magnitude which peaks rapidly near zero Hz. This produces a

downshifted component, HR(2/3t). which changes rapidly in rime, unIess the sweep rate

is reduced. ~ S is set tco high, a rapid rime variation of HR(2j3t) results, and the mixer

post filter may not he fast enough te respond without distortion. This problem tends to

dominate with thermalIy thick samples for which there is a strOng increase in 1H(œ) 1

with decreasing frequency. This result, again. directly cotlfiIms, the application of the

assumptions of equations (3-16 - 3-24) under stringent experimental conditions.

Fig. 3-11 shows the agreement obtained at low frequency between the homodyne
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recordings and data recovered with an audio range lock-in amplifier. The agreement

obtained between the lock-in data and the HPS frequency response data at low

frequency indicate that sweep rate effects are not significant below a value of 800

kHz/s. Homodyne recordings may be made in a fraction of the time required for lock-in

detection even under these relatively extreme conditions.

Further evaluations of the response of the homodyne photothermal measurement system

were made by recording h(t) and H(œ) for the thin film pyroelecaic sensor overcoated

with ultrathin films of severa! polymer materials of known thickness and thermal

properties. Details of the sample preparation and film characterisation are given in

chapter 4. A thickness range of 80-1200 nm was used.

In the study outlined in Fig. 3-12. sample layers were deposited on the surface of a

pyroelectric sensor using spin coating techniques. These layers were overcoated with

thin films of aluminum which acted as infintesimaJly thin plane surface heat sources

(note that the thermal transit times through these metal layers are negligible compared

to thermal transit rimes through polymer layers of similar thickness).

response data recorded in Fig. 3-12 shows the effect of heat conduction through a thin

layer of increasing thickness, and into the pyroelectric detector. The peak delay in the

impulse response trace increases with sample thickness, consistent with equation (3-2).

The data of Fig. 3-12 compare the experimental impulse response with a theoretical

four layer heat conduction model derived for these assemblies in chapter 4. Because the

response data are prefiltered in these measurements, and beca!Jse the electrical response

of the pyroelectric sensor is not uniform with frequency. it is necccssary to take into

account an instrumental transfer function comprised of the electronic pre-filter and the

pyroelectric sensor's electrical network response in modeling the data. This is done in

102



•

•

practice by independently measuring the instrument transfer function (in the absence of

the photothermal excitation) and aperiodically convoluting the recovered instrument

impulse response with the impulse response profiles predicted from theory (9).

As seen from the resultS compared in Fig. 3-12. the homodyne photothermal

spectromeay measurement is readily accounted for by the heat conduction theory

relevant to the problem. The excellent agreement between theory and experiment

indicate that the HPS method can be reliably applied to photothermal measurement

systems with good signal fidelity.

The combination of the wide bandwidth response of the pyroelectric transducer and the

high frequency detection capabilities of HPS provide a sensitive. low COSt method for

the evaluation of thin polymer films at thicknesses below 100 nm. This technique is

being used to measure the thermal properties of such films. and to study the processes

of adhesion at metal/polymer and polymer/polymer interfaces on length scales

approaching 50 nm or below.

A comparison of the bomodyne mctbod ID otber signal IeCOVCry mcthods

HPS shows the closest resemblance to signal recovery by a lock-in amplifier. and

exhibitS many of the advantages of lock-in detection, including dynamic range, linearity

and rejection of wideband noise. Both frequency and impulse response data are

available at high resolution. The classic lock-in amplifier, on the other hand, is a device

which is optimised for extremely narrowband detection, and the anainment of a

harmonic steady-state. The reference channel slew rates of conventional lock-in

amplifiers are designed te permit tIaCking of slowly varying signais. Moderate sweep
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rates may introduce a phase error which varies with frequency (16). Over the wide

frequency ranges and sweep rates successfully used by HPS. this phase error would be

large and highly variable over the signal band if conventional lock-in detection were

attempted. Furthermore tracking may be lost entirely in lock-in detection if the signal

channel frequency varies as rapidly in time as is the case in HPS.

The major operational deficiency of HPS, is that it uses the real part of the input

frequency domain response to reconstruct the system magnitude and phase. This

procedure is reliable and accurate only if the real or in-phase channel recording is made

over the full bandwidth of the system, and 1H(CIl) 1 properly attenuates to zero at the

edges of the drive frequency span (CIlI - ~). Furthermore, a Hilbert transform

relationship must exist between the real and imaginary parts of the SYStem frequency

response. This assumption will ~.;::, true if the impulse response of the system under test

is causal (h(t<O) = 0).

HPS compares favourably with wideband photothermal methods such as FM

Time-dèlay spectrOmetry (7), and AM-PM wideband spectrOmetry (8). In conventional

FM or 'chirp' measurements, a repetitive frequency sweep is applied to the system

under test and the response waveform y(t) is averaged in the time domain over many

data records. A potential problem in this case is the introduction of wideband noise intO

the measurements. However, in HPS, because of the self mixing operation used, the

signal noise is dispersed as a function of the instantaneous frequency, and does not

affect the enme measured frequency specuum. At frequencies above 100 kHz, linear

FM sweep methods become expensive to implement. A primary requiIement is for

faster data acquisition systetns: this requirement is sidesteppecl entirely by HPS since

the detection bandwidth is always fixed aI a few kilohertz. Another requirement of

linear FM cxcited systems is that the applied frequency sweep have a reproducible
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initial phase if time domain signal averaging is used. Inexpensive wavefo;"';l generators

employing voltage-conaoller oscillator (VCO) sweep conaols do not adequately meet

this criterion. and the introducùon of a digital based sweep synthesizer entails a

significantly increased expense. HPS on the other hand. uses continuous mixing of

signal and reference channels. and is therefore much more immune tO initial shifts in

the phase of the drive waveform.

Similar consideraôons apply in comparing HPS to direct impulse response

measurements. It is essenôaI to use expensive fast transient recording equipment to

recover carly ôme pulsed infortttaôon from a system under tesL Like wideband

measurements the impulse measurement suffers from the problem of introducing

wideband noise into the signal measurements. The chief asset of the impulse

measurement which is not shared by HPS (or any of the above methods) is its

extremely large peak power, which is an important advantage in recovering informaôon

from systems whose signal Ievels are intrinsically weak.

Cooclusioos

Homodyne photothermaI spectrometry is a rapid, high resoluôon, inexpensive wide

bandwidth teChnique for photothermal impulse and fIequency response measurement.

The method borrows many of the clements of classic Jock-in detection with the

important difference that the instrumentation is not optimised for steady-state operaôon.

and quadrature filtering of the input signal is bypassed. The HPS apparatus rcadily

proyidcs bandwidths of up to 10 MHz or greater, sc that ultrathin films may he

photothermaIly profilcd.
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Fig. 3-3: Schematic diagram showing correct specifications for pre-tiller slopband and

mixer "post-tilter passband, and illustration of the effect of sweep raIe on the bandwidth

of the deteeted homodyne signal
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Fig. 3-S: (c) elecaical schcmatic of the mixer/tiller stage.
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Fig. 3-7: Homodyne specaometric measurement of the frequency response of a four

pole Butterworth bandpass filrer. with passband set 1 kHz- SOO kHz and sweep

bandwidth of 1 KHz-! MHz.. Sweep rate was 0.8 MHz/s.
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Fig. 3-8: Homodyne spectromettic measurement of Ùle photoÙlemuù frequency

response of a 9 pm tl-poly(vinylidene fluoride) (PVDF) pyroelecttic receiver.

Measurements were made assuming Ùle following conditions: sweep bandwidÙl: 1

kHz-l MHz; sweep rate: 400 KHz/s. Number of sweeps averaged: 25. preamplifier

passband: 1 kHz - 1 MHz.
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Fig. 3-10: High frequency signal fidelity testS on four pole Bunerwonh bandpass filter.

( ) indicates homodyne measurement; CO) indieateS independent steady-state

hannonic measuremenL Homodyne measmement condilions were as follows: filter

passband: SkHz· 3 MHz. sweep bandwidtb: 1 kHz- 10 MHz. sweep rate: 4 MHz/50 25

sweeps averaged.
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Fig. 3-11: Signal fidelity test on highly dissipative. slow thermal system (see text for

details): (a) 1H(œ)1 and (b) 9'<œ). (--~) indieates homodyne specaomeay

measurement; (0) indieates indcpeodent steady state harmonie measurement.

Measurement conditions were as follows: sweep bandwidth: 1 kHz - 1 MHz, prefilter

passband: 3 kHz - soo kHz, sweep rate: 0.4 MH7Is. 2S sweeps averaged.
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Fig. 3-12: Photothermal impulse response data recorded in

thermal transmission mode with polyvinyl. chloride films of

indicated thickness deposited on the surface of a 9 ~m B-

PVDF pyroelectric sensor. Theory and experiment are plotted

together. (Details in chapter 4). Measurement conditions

were as follows: sweep bandwidth: lkHz-1MHz, prefilter

passband: 3kHz-500kHz; sweep rate: 0.8 MHz/s; fitted thermal

diffusivity; 5.xlo-8m2/s. Thermal effusivities at

sample/pyroelectric and pyroelectric/backing had values of 1.1.
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Chapter4:

Thc:nnophysical Measurements and Intr:rfacial Adhesion SlUdïes in Ultratbin Polymcr

Fùms Using Homodyne Photothcrmal Spccaometry
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Inaoduction

ln the analysis of synthetic high polymers. thennophysical measurementS have

traditionally played a key role in physical characterizat~on (1). In addition to

identifying melting pointS and glass transition temperatures. classical thennophysical

methods such as differential scanning caiorimetIy (OSC) are capable of yielding

measurementS of the heat capacity, C, and the thennal conductivity, lC, of a bulk

sample, with proper calibration. These quantities, in combination with the bulk density.

enable the recovery of the thermal diffusivity, lX, which is an essential quantity for

characterizing transient heat flow in a material (1,2).

The most serious limitation of many ciassical thermophysical measurement techniques

is the requirement for a bulle sample which is thermal1y homogeneous and available in

moderately large quantities (a few hundred J.Lg or greater). In the analysis of ultrathin

polymer films, the thermal properties of the sample may vary significantly from the

classical bulk values, due to the presence of aIignment forces in the film which

potentially cause anisotropies in heat conduction (3-5). A thermophysical analysis

method which can be applied to the thin film in-situ is essential.

ln recent years, photoacoustic and photothermal methods of anaIysis have evolved a

powerfu1 class of teChniques for the non-destructive measurement of the thermophysical

and optica1 properties·e>f materia1s (5-7). These methods use the non-radiative

conversion of absorbed Iight energy to heat the sample. Because of their low values of

the thermal diffusivity and conductivity, very thin polymer films are easi1y studied by

these techniques (5). The recently deve10ped teChnique of laser photopyroelectric effect

specaometIy (PPES) shows outStanding characteristics with respect to sensitivity,

versatiIity, and thickness resolution (4,5,8).
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In laser PPES (LPPES) a thin film specimen is coaled or deposited ontO the surface of

a thin film pyroelectric sensar (typically beta-poly(vinylidene t1uoride)). and healed

with a pulsed or modulaled laser beam (8). The thin film sensar material elthibilS a

change in electric polarisation. in response 10 a change in Ihe average lemperalure of

the film. This is convenienùy measured as a voltage change induced by heaùng Ihe

sample. By monitoring the propagation of a heat !luise through a thin film sample

anached to the sensor surface. it is possible 10 direcùy measure the Ihermal diffusivity

of the sample. at submicron thicknesses. using the thermal transmission geometry (4).

Laser PPES also possesses the potential capability for measuring the interfacial

properties of layered systems. due tO the presence of thermal contact resistance at

poorly bonded interfaces. Previous work using other photothermal techniques has

established a relationship between the thermal contact resismnce between adjacent

layers. and the adhesive bond strength (9.10).

In this worle, the teChnique of homodyne photopyroelectric spectrometry developed in

the last chapter is used to make thermophysical measurements on thin films ranging in

thickness from 80 to 1200 nm, using twO different irradiation geometries. In contrast

with previous laser PPES work on thin films, this stUdy emphasizes the use of the sa

called inverse pyroelectric mode geometry (12), in which the sample is eltcited through

the deposition of energy at the metaI-polymer interface Cltisting between the sensor

layer and the sample. This geometry, in combination with the high frequency

bandwidth of the homodyne laser PPES measmement, enab1es the convenient stUdy of

exnemely thin interfacial layers al a metal/polymer interface, approaching the length

scale of the macromo1ecular chains. It may be used to non-destructively evaluate

adhesive bonding at the interface between a metaI and an ultrathin polymer film. The

homodyne laser PPES measurement performs teadiIy in a film thickness regime where
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many other techniques. including spectrOscopic methods. fail ouaight. due tO a ,ack of

sufficient sample quantity (or pathlength) for analysis.

While the work reponed here focuses specifically on thermophysical and interfacial

analysis. it should be pointed out that the experimental HPS methodology reponed here

is equally applicable tO the depth profiling of optical absorption in sub-micron

thickness films. provided the optical absorption coefficient of the film is large enough.

1beoretical section

Laser photopyroelecaic spectrOmetry uses a thin film pyroelecaic sensor to monitor

heat flow through a sample in thermal contact with the pyroelecaic. The pyroelecaic

sensor material is poled near its Curie temperature. and exhibits a change in the elecaic

polarisation in response to a change in the average temperature of the film. The

temperature induced polarisation change is normally measured as a voltage change

across the film according to the relationship (8):

Vit) =~ <âT(x,y,z,t» (4-1).
f

where E and d an: the dielecaic constant and thickness. respectively, of the pyroelecaic
f

thin film sensor, kp is a figure of merit for the pyroelecaic, and <âT(x,y,z,t» is the

spatially averaged temperature in the film. For one dimensionai heat conduction,

<âT(x,y,z,t,l> = <âT(x,t», where <T(x,t» is the temperature profile induced along the

axis of the film by heating. Equation (4-1) assumes that the sensor tnaterial is

homogeneous to a good approximation.

The homodyne Iaser PPES method enables the recovery of data in both the rime or

frequency domains. However. Ibis worlc will emphasize the photopyroelecaic impulse
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response. which is the response of the photothermal system tO excitation by a short

pulse. Two possible detection geometries are available as ouùined in Fig. 4·1. In the

transmission mode geometry. the sample under srudy is deposited onto the pyroeleccic

sensor and overcoated with a blackbody absorber whose thickness is negligible

compared to the sample layer. This surface layer is irradiated with a laser beam . heat

generation occurs in a thin sheet at the surface. and the ternperature profile propagates

from the .sample surface tO the sensor layer where it is detected.

The inverse mode geometry takes advantage of front surface thermal wave reflections

to obtain information about the sample. In the present work, the polymer samples are

irradiated at wavelengths where they are optically transparenL In the inverse mode. the

sample layer is deposited on the surface as a clear overcoaL light absorption occurs at

the surface of the pyroelectric sensor, and heat conduction is divided into IWO

components. as in Fig. 4-1.: a left going component which propagates in the sensor

layer direcùy, and a right going component which propagates in the sample layer. This

second component diffuses until it reaches the gaslsolid interface at the front surface of

the sampIe, and is effectively, 100% reflected due to the presence of a large mismatch

in thermal effusivity existing at that surface. The reflected component is rerumed to the

pyroelectric layer, arriving after a delay rime which increases with the sample

thickness. The superposition in rime of the direct and delayed components causes a

broadening of the pyroelectric impulse response as sample layers of increasing

thickness are deposited on the pyroelectric sensor.

80th thermal transmission and inverse mode measurements have potential sensitivity 10

interfacial thermal phenomena, due tO the reflection of thermal waves which occurs at

interfaces of thermally dissimilar media The reflection of thermal waves is shown

schematically in Fig. 4-1 as a folding of the temperature profile which occurs upon
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reflection. This is an accurate depiction of the reflection process occuring at a totally

reflecting boundary. These reflections are analogous to the case of acoustic or optical

reflections except that the thermal wave is critically damped with distance a\l,ay from

the boundary (13).

The extent of reflection occuring at a thermal interface MaY be quantified by means of

the thermal reflection coefficient, r ij where:

r ij = (bifl)f(bit1) (4-2)

where the quantity bij is the ratio of the thermal effusivities between two adjacent

media. The thermal effusivity ratio is given by:

b·· = (lCf"·) . (a..la}/2 (4-3)
IJl. J J 1

where "i and ~ give the thermal conductivity and thermal diffusivity of the ith layer.

respectively.

In the presence of thermal contaCt resistance. the thermal reflection coefficient becomes

complex (with the imaginary component indicating interfacial loss) (9). An

experimental relationship between the thermal contaCt resistance and the adhesive bond

strength between layers has been established by various authors (9.10).

Fig. 4-2 outlines a theoretical model which we have used te evaluate thermophysical

properties and interfacial effeets in thin polymer films attaehed to the pyroelectric

effect transducer.

The sample-pyroelectric system is described by four thermally distinct layers.

consisting of gas[l]. sample[2]. interfacial contact layer[3]. and pyroelectric[4].

The thermal effusivity ratio at the pyroelectriclbacking interface is assumed te be

approximately unity. This can be assured by design. in the choice of a backing material

which is approximately thermally matched te the pyroelectric. Additionally, the
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(4-4)

• thickness of the sarnple layer is so much less than the pyroelectric. that heat tlow is

monitored on a timescale which is rapid. relative tO the time for significant energv tO-.

reach the backing. giving a measurement which is insensitive to backing effects.

The effect of thermal contact resistance at the sarnplelpyroelectric interface is modeled

by inserting a thin layer of low effusivity rnaterial between the debonded layers.

according to the method of Aamodt et al (14).

Finally. the model negleets the thermal contributions of the metallization layers that are

applied tO the pyroelectric and .in transmission mode. tO the sarnple surface. These

layers are of the order of 100 nm thickness, and are thermally thin at all times used in

this study.

The ternperature profile in the pyroelectric. layer (4) was solved by the Laplace

transform method of Reference (15). The heat conduction equation is wrinen for each

of the layers in the mode!:

gas: i~TI _1. a~TI =0a;.r lX1 d't

sarnple: ir2 _1. ~~T2 = f-E<X)c5(t)
i1x ~ t L 0

(transmission mode)

(inverse mode)
(4-5)

contact layer:

(transmission)

(inver se)

(4-6)

(4-7)

•
A heat flux source is assumed to be present at the sarnple surface for the transmission

mode measurement and al the Pyroelectric surface. in the inverse case.

113



• One dimensional heat conduction mechanisms are assumed because the width of the

irradiation bearn is severa! orders of magnirude greater than the thickness of the sarnple

and pyroelecoic layers. Boundary conditions of heat flux and temperature cominuity

are imposed at all interfaces in the model and the Laplace transform of the temperature

in the pyroelecoic layer is evaluated for the transmission mode case as:( details

provided in the appendix c)

4 bU 112
<âTix,s» = 2(d

f
-oe

p
)(1+t>34)(l+t>3i> (aJaiJ

r r ~ n! r ll+k-j (-l)i...1 1. [e-~ 'rIS_ e-~ 't2S ]
n=O k=O j =0 (n-k)!(k-j}!J! 32 s

(4-8)

where 'rI and 't2 are thermal time constants, defined for the tranmission mode

measurement as:

'rI = [lC2(n-k+j )+1) + d(2(n-j) +

~fX2 ~a3
(4-9a)

(4-9b)

nl
("-k)! (k-J)!J!

'r2 = [lC2(n-k+j)+l) + d(2(n-j) + 1) + !!f- ]2

~fX2 ~a3 ~ll4

The Laplace transform of the temperature for the inverse mode case is given by:

- n k
1 !!!

2(drdeP> n=O k=O j=O

•
(4-10)

where the 'r factors are thermal time constants given for the inverse mode case by:
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• 1:1 =[2(n- k+j)l + 2( n-j)d + ~ ]2

~ Cl2 ~ Cl3 ~ lX4
\4-1 la)

l4-11b)

1:3 = [2(n-k+j+l)l + 2(n-j)d

~ Cl2 ~ Cl3

1:4 = [2(n-k+j+l)l + 2(n-j)d

~Cl2 ~Cl3

'ts = [2(n-k+j)l + 2(n-j+l)d

~Cl2 ~Cl3

't6 = [2(n-k+j)l + 2(n-j+l)d

~Cl2 ~Cl3

(4-1 le)

(4-11d)

(4-11;:)

(4-110

1:7 =[2(n-k+j+l)l + 2(n-j+l)d

~Cl2 ~Cl3

1:8 =[2(n-k+j+l)l + 2(n-j+l)d

~Cl2 ~Cl3

d ]2+ -f-
~lX4

(4-11j)

(4-11g)

(4-11h)

(4-1 li)

•
At the gas/sample interface, we assume that the thermal effusivity ratio bl2 = O. This

assumes that a negligible component of temperature change reaches the gas layer by

conduction. At the pyroeiectric/backing interface, the thermal effusivity is set to unity•

This assumes that the thermal waves are condueted throught the pyroelectric into the
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• rear backing without reflection. The average pyroelectric temperature is obtained from

equation 4-1 integrating over the active medium which extends from -(l+d+dep) 10

-(l+d+df) in Fig. 4-2.

ln order to simulale the response of a real pyroelectric rnaterial on very short

timescales. it is necessary to take account of a thin layer of depoled rnaterial which

exists at the surface of the pyroelectric mm (16.17). In commercially supplied sensor

materials. this layer may be up to 500 nm thick, and its contribution tO the response of

the pyroelectric signal cannot be neglected in the time regime accessed by homodyne

laser PPES (17). We have assumed here that the depoled region has similar

thermophysical properties tO the bulle pyroelectric mate~.al. and aets primarily as an

electrically inactive zone at the surface of the transducer. The validity of this

assumption is explored below.

Inversion of the respective Laplace transforms and evaluation of the average

temperature in layer (4) yields, for the transmission mode case:

4~ 1/2
<âT4 lt,t» = Z(dfOelJ(l+b34)(l+632) (aJUi])

- n k
~ ~ ~ n! r n;.k--j (l)Ï'"l

n=O k=O j =0 (n-k}!(k-j}!J! 32 -

for the inverse mode measurement:

[
1--

erfcl 2 ~ 'rl/ t} - erfcl 1-]2 ~ 'r2lt

(4-12)

n!
(n-k)! (k-J)!J!

•

- n k
1 ~ ~ ~

2(df -dq,) n=O k=O j=O

[D+k-j (-l)Ï'"l [r (erfc {~~'rl/t} -crfc {21~'r2/t} -erfc {21~'rs/t} +erfc{21~'r6/t})
32 32-
,..., 1-- 1-- 1--

+ 1 32 (erfc {2~ 'r3/ t } - erfc (2~ 'r4/ t }) - erfc{2~ 'r7/ t }
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(4-13)

In order tO compare theory and experiment in measuremems made with the homodvne

PPES method. as with the pulsed method(4). it is necessary to take imo accoum the

electrical impulse response of the pyroelectric transducer and ail filter stages used tO

process the photothermal signal ahead of the mixer stage. This electrical impulse

response is experimentally measured by using a signal generator connected in series

with the pyroelectric film as shown in Fig. 4-3(a). to drive the transducer and filler

stages. The generator replaces the photothermally induced voltage change which aClS in

series with the transducer in the equivalent circuit. The measured electrical impulse

response for a typical pyroelectric system is shown in Fig. 4-3(b). The theoretically

computed impulse response obtained fiom equation (4-10) or (4-11) (Fig. 4-3(c)) is

aperiodically convoluted with the impulse response of Fig. 4-3(b) tO yield the

theoretical instrumental signal (Fig. 4-3(d)). This latter quantity is compared with the

corresponding experimental signal recotded by the instrument.

In this work, ail calculllii~ns were made on a personal computer using ASYST (TM.

Adaptable Laboratory Software Ine.).

ExpeiinCnllll sectiœ

Homodyne laser PPES was implemented using the instrumental apparatus shown in Fig.

4-4. The homodyne signal recovery method used in this work was described in detail

in ehapter 3 and is used to recover the photopyroelectrie impulse response with good
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early time resolution. Excitation was obtained from an Argon ion laser (Coherent

Innova 70-2) which was intensity modulated with an acoustooptic modulator (Isomet

120IE). The modulator was eqaipped with a model (232C) driver and was driven using

excitation sweeps supplied from a low cost sweep/function generator (Hitachi TFG

4613. Rosgoi Industries). The modulated beam was directed into a pyroelectric cell of

our own design. which is described in detail in chapter 2.

The output of the pyroelectric cell is directed into a wideband preamplifier (Teklt'onix

AM-S02) followed by a four pole ButterWonh filter (Kronhite model 3103A) with a

bandwidth of 3 kHz to SOO kHz. The output of the bandpass filter was then fed into the

downshifter circuit.

Sample aDd sensor preparation

Poly(vinylidene fluoride) (PVDF) sensor material as supplied by Atochem was used for

pyroelectric detection. The material had a 9 lJm thickness, and was overcoated on both

sides with a 100 nm Nicke1/AIuminum metallization. Preliminary photopyroelectric

measurements on the as received material indicated that a depoled layer of ca. 400 nm

thickness was present at both sensor surfaces (sec Results section).

Sample deposition onto the PVDF sensor material was achieved by means of spin

coating froni solutions of poly(vinylchloride), poly(methyl methacrylate) and

polystyrene, ranging in concentration from 0.5-4.0 % weight of dissolved polymer in

the appropriate organic solvent (sec below). The thickness range provided by our spin

coating appararus ranged from 80 to 1200 nm. Prior to spin deposition, it was necessary

to clean the sensor surfaces with methanol (SpeclI'Ograde Solvent) to ensure that the
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films were weil bonded tO the top aluminum metallization.

Surface metallization of the polymer samples was required for transmission mode

photopyroelectric measurements. Aluminum films of ca. ISO nm thickness were

deposited OntO polymer/pVDF detector assemblies using sputtering methods.

Thickness characterisalion

Individual sample thicknesses were directly measured using transmission electl"on

microscopy after inverse and transmission mode photopyroelectric measurements were

made. The sampleIPVDF assemblies were cured in an EPON 812 resin matrix (lB.

EM, Montreal Canada) at 6CPC and microtomed to a thickness of ca. 80 nm. using a

diamond blade (Reichert tntracut. Austria).

Transmission eleCtrOn micrographs were run on the thin sections using a Phillips

EM410 electrOn microscope and photographed at a magnification of 52.000 X. A

typical micrograph of a sampleIPVDF assembly is shown in Fig. 4-5. A 350 nm

(±10%) film of polystyrene is sandwiched between a top layer of ca. 200 nm of

spunered Al and 80-100 nm Al overcoated Ni meralJization as supplied by Atochem.

The PVDF expands while heated in the curing oven and shrinks back when cooled to

room temperature putting main on the metal polymer interfaces. In this case the

PVDF-N"J/Al metal bond separated.

Poly(vinylchlorirle) (PVC) of minimum molecular weight 280.000 waSobtained from
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Aldrich. The as-received material had a glass transition temperature of 85°C and a

melting point of 237.Soe. as measured by the supplier. Stabilisers and plasticisers were

removed by means of a cleanup procedure which precipitated the pye from a solution

of tetrahydrofuran with methanol. This washing procedure was repeated three times.

Removal of impurities was conf1ITlled using infrared spectroscopy. Samples of pye

were spin coated from solutions of tetrahydrofuran.

Polystyrene (PS) was used as received from Aldrich. The molecular weight was greater

than 280.000. the glass transition temperature was l00°e, and the melting temperature

was 237.Soe. as specified by the supplier. Solutions of polystyrene for spin coating

were prepared in toluene.

Poly(methyVmeth?.crylate) (PMMA) was used as received from Aldrich. This material

had a molecular weight of 120,000. a glass transition temperature of 114°e, and a

melting point of 180°C, as specified by the supplier. Solutions of PMMA for spin

coating were prepared in toluene.

Results

Inverse aud tran sDliSSÏO'1 mode PPES tJIC8SUICIIICl1ts

Inverse and transmission mode photopyroelectric measurements were made on a series

of thin film samples of PVe, polystyrene, and PMMA in order tO evaluate thermal

diffusivities and any differences in adhesion of the films to the aluminumized surface

of the PVOF sensor. A range of sample thicknesses was prepared for each polymer.

Fig. 4-6 shows the results of homodyne PPES measuremen:s made using the inverse
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detection mode on a series of samples of PVC contacted to the pyroelectric.

Experimental resullS are shown in Fig. 4-6(a) and theoretical predictions in Fig. 4-6(bl.

Signais have been dc corrected and normalized to the peak and minimum values of

each trace.

The impulse response of the pyrolectric sensor in the absence of sample exhibits a weil

defined peak delay. This delay is explained by the presence of a layer of depoled

rnaterial at the surface of the PVDF sensor. The depoling phenomenon is commonly

encountered in pyroelectrics (16). where depoled layers of up tO 1 J.l.rrI are not

uncommon in electret materials. The depoling arises from processing steps which

subject the material to transient heating above the Curie point in shallow surface layers.

An example is encountered in the processing used to metallize the pyroelectric film.

Impact heating by carriers impinging on the film surface in a spunering c!>amber is

sufficient tO cause depoling of a few hundred nm thickness. A thermal pulse method is

the classical method for measuring the extent of depoling in a pyroelectric (16.19).

However. laser PPES is effectively equivaient, in that it replaces contaCt heating with

laser irradiation. Coufal and Gtygier have shown that impulse PPES is capable of

detecting depoled layers of thickness as low as 7 nm in electret materiai (18).

The effect on the impulse response of depoling gives a peak delay which is much

greater !han any of the delays which could be accounted for by the electrical reponse of

the pyroelectric measmement system. In this woric, theoretical filS to the impulse

response of !he PVDF materïal indicate the thickness of the depoled layer to be

approximately 400 Dm, which is consistent with measmements reported carlier for

similarly processed PVDF sensor material This figure may vary by about l()% between

different lots of the commercially supplied sensor material. and, in some cases. within a

single sheet of the sensor material
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The inverse mode measurements shown in Fig. 4-6(a) show a broadening effect a) the

sample thickness increases. The riserime of the signals is nearly independem of the

over layer thickness because the signal is dominated by the direCt componem of heat

conducrion at early rimes. At later rimes. the delayed or indirect componem arrives

after making a double transit of the sample layer. This causes the broadening of the

impulse response which is observed at later rimes. If the sample layer becomes thick

enough. the returning temperature profile will be strongly damped before it returns to

the pyroelectric, and the impulse response will approach the rime dependence expeeted

for a bare pyroelectric. Hence, above a certain thickness \imit, the broadening of the

impulse response profile begins to diminish with sample thickness. The observed value

of this thickness limit depends on the low frequency cutoff of the electronic tilter used

by the detection system, in addition to the sample's thermal diffusivity.

In using the theory to interpret the experimental results, the extent of depoling in the

pyroelectric was first estimated from the impulse response for bare PVDF. Sample

thickness data were obtained independenùy by means of a destructive analysis using

transmission eleen'On microscopy, after the inverse and transmission PPES

measurements were made on each sample. A diffusivity of S.x 10-8 m2/s was found to

give a satisfaetory fit to the data (comparisons of the theoretical and experimental

responses are shown in the figure captions), for thin film samples of PVe. The data

could be fitted given an interfacial thermal effusivity of unity at the interface between

the sample and the sensor (effectively, a thermal contact resistance of zero). This latter

condition. indieates a state of approximate thermophysical continuity berween the

sample and sensor layers, which is indicative of a good bond between the layers. A

more detailed assessment of this result is given in the next section•

In thermal transmission mode measurements, much thicker samples may be studied,
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because all of the heat which is detected by the pyroelectric makes a transit through the

sample layer. Therefore. a good separat;"," of the impulse response peaks is observed in

a transmission measurement. For samples of thickness greater than 1 Itm . however. the

low frequency banc\width limitations of the homcdyne technique may preclude the

observation of broadening effectS associated with multiple thermal reflections at the

front surfaces. A lower sweep bandwidth must be adapted. accompanied by a much

slower sweep rate.

If the sample layer is not highly opaque. it is necessary to apply an optically opaque

overcoat to the sample. so that heat conduction is confined to a thin planar region near

the surface. Metal overcoats of 100 nm thickness in addition to ensuring optical

opacity. are dterma11y thin relative tO the polymer layers. The thermal transit time

through a 100 nm metal overcoat is ca. 200 psec compared with an average value of

200 nsec for a glassy polymer.

Met:ùlization !.iyers may be applied by severa! means including cold vapor deposition

(CVD). thermal vapor deposition (TVD) and spunering techniques. We have found the

CVD method to be less applicable in practice. because very long deposition times are

required to transfer enough material to the sample layer iil order tO ensure opacity. and

because the metal films tend to adhere poorly to the polymer. The use of TVD

promotes improved adhesion of the metal film to the polymer surface; however.

exessive heating damages the pyroelectric films. In me case of spunering, high impact

bombaIdment of the polymer surface is sufficient to still cause some local heati::'5 and

depoling of the underlying sensor material. Genera1ly. the yield of the spunering

method is about 40-60%. even under moèIêrate1y low depo5Ïtion rates. A large

proportion of the samples suffer iIreversible thermal damage presumably due to heating

by caxrier impact. The spunering method was applied to assemblies which consisted of
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the metallized PVDF sensor material. ov::rcoated with the thin film polymer sample.

Among the assemblies that were successfully metallized. the processing was found tO

cause an enhanced depoling of the PVDF sensor layer in assemblies which were C03ted

with polymer films thinner than ca. 2()() nm . The thickness of the d::poled laver

increased by ISO nm on average as verified in a blank measurement on unC03ted

PVDF. For thicker overcoats (l > 250 nm). this enhanced depoling was not observed.

probably because of the improved insulating properties of the thicker polymer layers.

Experimental and theoretical plots of the transmission mode PPES impulse response

compare favorably for a range of thicker samples as shown in Fig. 4-7. Impulse

response data for the thinner sample overcoats may also be interpreted provided that

the enhanced depoling of the sensor layer referred to above is included in the

theoretical calculation. The theoretical model cannot otherwise differentiate between a

change in the diffusivity of the thin film caused by heating in the spunering chamber.

and the depoling effect. The former effect is unlikely for the thermoplastic materials

studied. If it had becn operative. we would have expected to observe il in

measurements made on the assemblies which were overcoated with the thicker polymer

layers. However. the assemblies which were deposited with overcoats of thickness

greater !han 250 nm could be interpreted using the same samplelpyroelectric properties

as for the inverse mode measurements previously run on each assembly. Based on the

independently measured sample thicknesses, and a depoled layer thickness of 400 nm.

for the thielter overcoated assemblies the thermal transmission method yielded values

of the thermal diffusivity which were in precise agreement with the inverse

measurement (5.OxIO-8 m2/s).

Inverse and thermal transmission mode measurements were performed also on samples

of PMMA and PS. Detailed comparisons of the impulse response data ta theoty gave an
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agreement similar to that of Figs. 4-6 and 4-7. In the transmission mode PPES

measurement, a plot of the peak delay in the transmission mode impulse response

versus the square of the sample thickness gives a more compact representation of the

experimental data. Such a plot is given in Fig. 4-8 for samples of PMMA, PVC and PS,

and indicates that for the thrce matcrials, the thC!IIla1 diffusivity is 5.xl0-8 m2/s.

Theoretical values fall along the 50lid curve which is non-linear due to the low

frequency electronic filtcring in the instrument.

Table 4-1 summarises the literature values of the bulk thermophysical properties of the

three polymers that were analysed by the homodyne PPES method. The various

matcrials are thermophysically similar to each other 50 that it is not surprising that the

diffusivity measurcments are in agreement. However, the recovered diffusivity value is

below the range of bulk values normally expccted for this class of glassy polymers.

Table 1

BULK THERMOPHYSlCAL PROPERTIES OF POLYMERIC MATERIALS USED

INnnSWORK

Polymer thermal density specific heat
diffusivity

(xlO-7m2l~ (g/cm3 ) kJ /kg oK)

PMMA 1.0-1.25 1.188 1.42

PS 0.8-1.25 1.06 1.226

PVC 1.0-1.2 1.393 1.1

'"PVDF 0.6-1.0 1.78 1.35

Thermal properties of thesc polymers were obtaincd from ref=ces 19 and 24. Stan'cd
values were obtaincd from refercnce 20.

The lowering of the diffusivity value in the thin film phase relative 10 the bulk, was

observcd in previous work by Coufal and Hefferle (4). PPES measurcments on thin
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films of Novolac resin. yielded a diffusivity which was ca. 20-25% of the value

observed in the bulk. The difference could be accounted for bl' alignmem effects in the

spin-coated thin films. which induced a probable anisotrOpy in the thc:nnal

eonductivity. This latter effeet is not c:xpected to be operativc: in thiekc:r films.

The present work. whieh uses a very similar thin film preparation mc:thodolgy. yic:ldc:d

th!: same general trend. However. the lowering of the thin film thermal diffusivity

relative to the bulle. observed in this work. was much less than for the Novolac resins

(4). In the latter case. the samples were allowed to cross-link following spin coating.

which promoted the formation of a rigid lateral networ!<. with a direetional

enhancement in the thermal conduetivity parallel to the sensor surface. This

cross-linking contribution would be absent in the present srudy. However. the

dynamical forces accompanying the spin-eoating deposition may perhaps aceount for a

transverse alignment in the macromolecular chains and a eorresponding drop in the

observed axial (x.-direction) thermal conductivity. Alternatively, the density may be

affected.

Interfacial thermal discontinuities

Impulse laser PPES is capable of evaluating interfacial phenomena mat arise at

thermal interfaces. The inverse mode measurement is sensitive te disbonding effects

that may occur at the sample/pyroelectric interface. Fig. 4-9 gives an ex.ample of a

study which was used te diagnose disbonding of a PVC layer at the PVDF senser

surface. In the data of Fig. 4-7(a), the sample !ayers were well bonded, a condition

which was ensured by cleaning the sensor surface with methanoL In Fig. 4-9(a), PVC

samples were spin coated onte the as-received sensor material supplied from the
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manufacturer. In inverse mode the el'perlmental PPES measurements do not show a

strong variation of the impulse response with film thickness for the uncleaned surface.

This situation may be el'plained by the formation of a thermal baIrier. which is formed

at the melal coated pyroeleetric/polymer interface. and is indicative of pocr bonding 10

the surface. In contraS!. thermal transmission geometry places the contact resistance in

series between the sample and deteetor causing broadening of the impulse response as

iIIustrated in Fig. 4-9(c). Modeling of the C"perimental results by theory. fits an

interfacial thermal effusivity value, bJ2, of 0.1 tO both the inverse and transmission

mode measurements. This parameter indicates that in the inverse geometry. thermal

energy is preferentially condueted into the pyroeleetric layer, due to the thermal barrier

that accompanies poer surface adhesion. Replicate PPES measurements made over a

surface area of 4 mm2 were repeatable to within 5%, indicating that this was not due

to any lack of homogeneity in the film thickness. This was further confinned by

thickness measurements made using TEM.

The effeet of very poer bonding to the surface was further observed by surface treating

the PVDF metallization with an ultrathin layer of Teflon release agent, and applying

spin coats of PVC to the treated surface (Fig. 4-9(c». A lack of thickness dependence

of the impulse response traces was then observee!. In thermal transmission mode

measurements run on these same specimens, there was evidence of large thickness

variations due to the formation of 'islands' of the polymeric matetial. This latter effeet

accompanies poor surface adhesïon.

The lack of thickness dependence of the inverse mode PPES signal may be intetpreted

from theory as indicating a condition ofpoer bonding at the smface. Fig. 4-10 shows a

theoretical plot of the inverse mode PPES impulse response expected for a 250 nm

polymer thin film with a thermal diffusivity of 5.x 10-8 m2/s. A very thin theoretical
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contact layer (10 nm) is inserted between the sample and the PVDF layer tO simulale

the effect of the debond. The figure shows the effect of an increased thermal contact

resislance between the layers. which is obtained in the model by varying the thermal

effusivity ratios b>< and b:l2 together.

As b>< and b:l2 decrease together. the interlayer thermal contact resistance increases.

The interpretation of this result is straightforward. In the inverse mode measurement.

nearly all of the energy which is initially deposited in the pyroelecuic metallization

layer by the excitation impulse propagates into the pyroelecuic direcùy because for a

large contact resistance. the interfacial layer behaves as a thermal barrier. significanùy

reflecting the temperature profile into the pyroelecuic. This effect is shown

schematically in Fig. 4-1(b).

Some remarks are in order concerning the assumptions of the theoreticaI model used

here to interpIet the results for the debonded cases. The classicaI modeling of thermal

contaCt resistance in thin layer systemS uses the approach of Yeack el al (23). which

introduc~ a theoretical discontinuity in the temperature and thermal efflux into the

boundary conditions at the debonded interface. However. this approach failed to model

changing sample thicknesses properly without introducing changes in the boundary

conditions. Jaarinen et al (9) funher developed this approach in the frequency domain

showing that a thermal contact resistance in a system composed of discrete

thermophysicaI layers introduces a quantifiable change in the real and imaginary parts

of the thermal'reflection coefficient at the interface berween adjacent debonded layers.

Aamodt et al (14) described the concept of thermal resistance by explicidy introducing

into the model a discrete contact layer which can be equated to a thin layer of air. We

have used an approach similar to that of Aamodt et al. and have modeled the interfacial

layer as a thin contact region having the molecular and thermophysicaI plopertïes of a

128



•

•

polymer wit!l increased thermal diffusivity but reduced efflux relative tO the bulk. This

is believed [0 be a more physically realistic picrure of the 'contact resistance' change

accomanying a debond.

The modeling of the present type of inhomogeneous thermal system requires recourse

[0 methods of inverse problem theory (21) in order tO fully evaluate the uniqueness or

multiplicity of models which could explain the observed results. In this study, we have

used a 'forward' method of inversion (21) (which uses compariscn of an assumed model

with the observed data), and found that the experimental trends are reproduced by the

theory tO a good approximation. The assumed model thickness of 10 nm for the

interfacial region is based on the approximate dimensions of the polymer chains. We

expect that the interfacial region, when debonded, consists of a series of voids

interspersed with contaCt points where the polymer chains are anchored to the metal. If

one applies a simple arithmetic averaging to the thermophysical properties of this

model interface, the thermal conductivity will be closer to the le value of a polymer (le

• 0.01 W/m-oK typical of a foam), while the thermal diffusivity will be more like air

(a = l.e-6 m2/s) (2). These values prediet theoretical responses which give a good

approximation ta the experimental data. A thorough application of the methods of

inverse prob1em theory ta this measurement will be requiIed ta determine its resclving

power and the potential multiplicity of mode1s which could d::plicate the data.

While wc do not have a conclusive explanation for the ro1e of methanol in promoting

adhesion of the films to the aluminum surface, [WO possible explanations arise. The

most likely explanation would involve cooramination of the metal surface by an

organic impurity adsorbed on the surface. If sc, this impurity would be present at the

surface at thicknesses approaching one tDOnolayer. The likely scllICe of this

. contaminant would be the coated paper sleeve in which the sensor material was shippecl
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by the supplier and the role of methanol as a clear.ing agent becomes rather obvious.

An explanation involving the role of methanol adsorption on surface oxides appears

less probable.

The above resuitS inclicate experimentally that the inverse mode PPES signal is reaclily

capable of diagnosing a debond between layers. It may be potentially used to evaluate

metallpolymer adhesion phenomena in a relative sense by coating the pyroelectIic with

various metals and spin coating the polymer of choice Onto the surface. It should be

kept in mind that the thermal properties of the metailization layer do not enter into the

measurement model because this layer behaves as though it is infinitesimally thermaily

thïn. The thermal effusivity parameters, bJ4 and !lJ2 evaluate how weil a po'ymer

overiayer bonds to the aluminization in relation tO how weil the poly(vinylidene

fluoride) sensor material bonds to the bonom nickel metallization. A more complete

model would explore the thermal continuity existing at the interface between the metai

and the PVDF, especially in [ght of the different coating/deposition methods which

produce adhesion between the metai and polymer at the two interfaces.

The theoretical profiles of Fig. 4-10 indicate that using the present PVDF deteCtion

system, a minimum thermal effusivity ratio (bJ4 = !lJv of 0.4 is required in order to

observe an appreciable effect on the time dependence of the impulse response. This

gives a rather insensitive measure of thermal effusivity differences between layers,

primarily becanse of the thick depœed layer (400 nm) that eltÏStS at the PVDF surface

in our experiJilentai sensor material. The thickness of the depoled layer, clep. slows

down the impulse ICsponse of the pyroelccnic system, and promoteS, in essence, an

elcctronic filtering behavior, which anenuates the high frequency, interface-related

information. If the thickness of the depoled layer were Ieduced to 10 nm, theory

predietS a greatly enhanced sensitivity to the effCetS of interfacial thennal effusivity
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mismatch. and therefore. 10 debonding. However. such sensor malerial can only be

obtained. al the presenl time. using specialized preparalion .techniques (18). An

additional advantage of minimizing the thickness of the depoled region. is lhe

possibility of p~obing very shallow lay~rs al lhe pyroelectric/sample interface. With a

reduction of the cIep value 10 10 nm. il becomes possible 10 delect layer thicknesses

below 10 nm using homodyne laser PPES.

Fig. 4-lO(c) shows the theoretical sensitivity of our homodyne laser PPES measurement

for delennining a in cases where the thermal effusivity ratio between the sample and

the pyroelectric varies. with a very thin contact (resistive) layer. The interfacial

measuremenlS discussed above, take Gdvantage of an approximate condition of thermal

effusivity malching which exists between the pyroelectric and polymer bulk layers. as

is widely observed for many materials (Table 4-1).

Il can also be shown from theory, that the experimentally used pyroelectric behaves as

a thermally discontinuous material in the depoled region (17). Previous work by Coufal

and Grygier indicaled that the thermal conductivity of the depoled region in their

sensor material varied by a factor of two compared to the bulk (17). This measurernent

was made however, on high quality PVDF sensor material where the depoled layer was

7 nm thick, and where the sensitivity to such effects is inttinsically higher. It is also

possible that the observed effusivity difference was due to purely interfacial factors at

the pyrolectric surface associated with the casting of the film, and independent of the

depoling phenomenon per se. It is difficult to make such a distinction on these short

length scales. Moreover, a theoretical simulation of an efflux change of this magnitude

for the 400 nm depoled layer indicated that such a difference would not be detectable

above the experimental uncertainty. This insensitivity may be in pan due to the

filtering used by our electIOnic deteetion system.
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While inverse mode PPES measurements have been emphasized so far. maltimum

information from a sarnple is obtained from a combinarion of inverse and transmission

data. Fig. 4-11 outlines impulse response predictions for severa! cases that may be

encountered in the practical analysis of adhesion. In the case of a debonded sample. the

inverse mode impulse response shows convergence tO the PVDF transducer signal.

while the transmission mode signal shows a broadening effect due tO the reflection of

thermal waves incident on the debond interface.

Although we have not encountered it in practice. the possibility may perhaps eltist for

an ultrathin aligned layer to be present at the interface berween the metal and the

polymer layer. In that case. the inverse mode measurement may continue tO show

insensitivity to the presence of the overlayer. while the transmission mode signal could

show a more rapid time decay due to the preferential conduction of heat into the

aligned layer. This second case, will. however. be much more sensitive to the relative

thermal properties of the interracial layer and the sample. the interfacial layer and the

pyroelectric. and the sample and pyroelectric.

CoocIusioas

This work bas demonstrated the versatility and accuracy of homodyne laser

photopyroelectric effect specuometry for measurements of the thermal diffusivity in

ultrathin polymer films in rwo different measurement geometries. The inverse PPES

geometry is well adapted 10 the study of very thin polymer films, and is minima1ly

perturbative of the sample matrix, especial1y in the thickness range from SO-SOO nm.

The thermal transmission mode measurement is better suited 10 the study of thicker

polymer films (> 500 nm). but bas the disadvantage that a metallization must be

applied 10 the sample overcoat. If sputtering methods of depositions are used 10 apply
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the metallization. the pyroelectric layer may become further depoled. when the

overcoat thickness drops below about 250 nm. typically. Also. thermoset materials may

be unsuitable for analysis by the transmission method. using the present metal

dc:position procedure.

The thickness resolution of the homodyne PPES method is limited mainly by the

depoling of the PVDF material. With the present apparatus, the method is capable of

making general assessments of the relative bonding of the sample to the metal surface.

More sensitive measurements would be attainable using sensor material with a thinner

depoled layer. Finally, maximum interfacial information is available using a

combination of inverse and thermal transmission mode measurements to interpret the

data.
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Fig. 4-1

Diagramatic representaIion of sample configuration for inverse and transmission mode

homodyne PPES.

(a) Inverse mode measurements use the pyroelectric sensor surface lO launch thermal

waves into the sample and pyroelectric simultaneously. (b) As the polymer becomes

debonded from the surface the right going thermal waves are panially or totany

reflected off. the interface back into the pyroelectric. (c) Transmission mode

measurements use a black body surface absorbing layer lO launch thermal waves

through the polymer into the pyroelectric. (d) As the polymer becomes debonded the

incident thermal waves are panially or totany reflected off the interfacial layer back

inlO the sample.
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Fig. 4-2

Diagram of the four layer model used to derive the theoretical equations. The

metal1ization is considered to be a thermal shon CÎICuit and the depoled layer is

considered to be thermally continuous with the PVDF.
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Fig. 4-3

(a) The elecaical circuit used ta measure the pyroelecttic cell transfer funetion. V(f) is

the applied voltage, Cp. the PVDF capaciœnce (ca. 3 nF), RL, the load resisœnce across

the PVDF foil (l0 Ka in om experiments ) and <;. the, load capaciœnce (ca. 120 pp).
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(b) An experimentally mc:asured transfer funetion of the homodyne PPES system (c) A

thermal responsc calculated for a 800 Dm polymer film in thermal transmission mode•

(d) The calculated thermal responsc is convoluted with the mcasured eleclrical responsc

10 gencme the theroretica1 homodyne pyroelectrical signal.
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Block diagram of the homodyne photopyroelectric inStIUment.
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Fig.4-S

TranStI".ission elcctron micrograph of a 350 nm film of polystyrene sandwiched between

ca. 200 nm Al and 80-100 nm of N'lAl. Measurements of the polymer film thickness

show about 10% variation from point to point in the film.
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(a) Experimentally tneaSUIed homodyne PPES of pve films using inverse deteetion

mode. Measured film thickness as shown. (b) Theoretical predictions using 11:32 = b:34

=1.0. a:4 • 02 =S.OxlO-8 m2/s. 10 nm interface, dcp =400 nm of depoled PVDF•



• 1.00

.000

h(t)

•• u, • ....

-....
-....

'.00

....
h(t)

.~Q .. ....

-....

30 60 90 120

•

u.. (118)

Fig. 4-7

(a) Experimcntally measured impulse responsc for a range of PVC films using the

tranS1DÏSSion mode measurement.

(b) Theoretical predictions using b:32 =b:34 =1.0. Cl2 = tX4 =S.Oxl0-8 m2/5o 10:un

interface.
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Fig. 4-8

Plot of squa.-e of sample thickness VS peak delay in transmission mode measurement

(for welI bonded specimens). theoreticaI and experimental values. The effective sample

thickness is given by the sum (l + d + dep) where d • 10 am and dcp = 400 am except

for the thinnest samples (triangles) (l S 150 am). whete dcp = 550 am. Solid squares

represent PVC films of 425. 650. 1050. and 1200 am. Thicker samples give longer

peak delays. .Open squares are PMMA films of 255 and 800 am. Solid circIes are

polystyrene films of 225. 235 and 350 am. (*) give theoreticaI peak delays for films of

700 and 900 am. AlI data points can !le modelled with an interfaciaI thermal effusivity

of unity (sec teXt for detaïIs).



• 1.20

.000

hlt)
a.G . ....

•000

Ca)

••20
Hu
00., 0
O"'C'ltn
- .... N.-

h(t)

&.11 •

.-

....

-.-
(b)

30

30

'0
tm. (l'II)

tm. (l'II)

120

120

•

Fis- 4-9

(a) Inverse hcmodyne PPES _ on PVC films wilh t. Iso, 250. 425. and
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(c) Transmission mode

homodyne PPES measu=enlS on the same series of PVC films shown in Fig. 9(a).

(d) Theoretical transmission curves assnrning the same thermophysical properties as in

Fig. 9(b).
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(e) Inverse homodyne PPES measurements of PVC films spin coaled onto the

pyroelectric after a thin layer of Teflon release agent had been applied, showing

thermal baIrier effect.
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Fig. 4-10

Theoretical calculations sbowing the effect of an increasing thermal barrier on inverse

homodyne PPES measurements (l =2SO nm, d =10 nm, b.12 and b.14 as shown, dep =
400nm).

The mode! is insensitive ID small changes in the b.12 values due to the delay effects

inaoduced by the relatively thick depoled layer.
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n-=c:al predicliOllS for bomodyœ PPES me:asuremcnlS oC poIymcr faims wilh •

!aqe lhcrmal bmicr ( d • 10 am. bn • b,c .0.001 ) betwœn the pyn>cICClric and the

film. (a) 'Thermal lnnSmission lDCUUrCI'llCftl oc 50.100 and 200 MI lhick films.

sbowïnSllroodcninS c«cet ia lime from lhcrmal RfIcclioas ia the somplclpyn>clCClric

interfaciallaycr•

(b) "I1le<micaI praIictioas or imImc lllOdc lIICISUmIlellIS r...l. 200. 300. and@ am

ia dlc pn:scIlCC or a!aqe lhcrmal buricr (d • 10 am. bn • b,c • 0.001 ) (ooc leU for
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Chapter S:

Inversion of the ill posed Green's Function solution for transient heat conduction

problems with application to optical depth profiling in photothermal spectroscopy•
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• NOMENCLATURE
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1

G

G[m,n)

U

k

x

Xo

q

Il

ii

t

T

C

c

B

ex

r

N

LS

NNLS

sample t1ùckness

Greens' Function matrix

Matrix G bas m rows and n columns.

row ecbelon form of G

thermal conductivity

depth into the sample

dummy space variable; position of source in sample

spatial distribution of absorbing features: q(x)

one possible solution

the best solution that can be calculated

time

recorded temperature: T(t)

row echelon form of T

condition number

basis set

thermal diffusivity

rank

number of layers in the sample

least squares

non-negative least squares

136



• 1. Introduction

•

Over the past two decadcs there has been considerable interest in photothermal

speCtroscopic techniques for depth profiling optical and thermal propenies in solids.

Applications in the study of semiconductors[I.2]. paints and polymers[3.4]. adhesion[5].

biological samples[6.7] and cerarnics[8.9] can all be found in the literature. The

understanding of photothermal spectroscopy bas forwarded through the development of

a wide range of mathematical models which are used to interpret the signa1s[lQ-14]. Up

10 now mast of the data interpretation bas been done through forward modelling of the

tirne or frequency domain data. Here estirnates of the optical and thermal parameters are

fed into the appropriate equations and the results are compared 10 those obtained

experimentally. This tends 10 be an iterative approach 10 data analysis which is not oniy

tirne consuming but requires in-depth understanding of the physical proœsses involved.

Before photothermal techniques will bewidely accepted and used routinely. Methodologies

which will permit rapid and easy interpretation of the data need 10 be developed.

Recently there bas been a strong inœrest in obtaining the optical and thermal properties

through inverse modelling of photothermal signais. In inverse modelling the recorded

photothermal signal is used 10 obtain the optical absorption profile or the conductivity

profile as a function of depth.
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Development of a general. reliable and accurate inverse model will go a long way towards

making photothermal spectroscopy a widely used tool in the natura! and applied sciences.

A theoretical treatment of an inverse model for a thermally homogcneous and optically

inhomogeneous solid sample was frrst proposed by Afromowitz et al [15]. Over a decadc

later Harata and Sawada improved on their inverse Laplace method and presented a few

experimental results for frequency domain measurements [16]. Their inversion cffectively

profIled slowly varying continuous optical features near the sample surface but failed to

accurately recover the spatial profIle of absorbing features buried beneath the top layer.

discrete sources or rapidly varying continuous profiles which result from moderate 10 large

optical absorption values. In practice the noise associated with high frequency

measurements (>700Hz) makes it impossible ta recover optical fealures at the shon

thermal diffusion lengths and requires all data 10 be smoothed before use.

To measure the hardening profIle in steel Vidberg et al. recovered the thermal

conductivity profIles by solving the inverse heat conduction model for samples with

surface absorption only [17]. The experimental data were obtained by measuring the

radial surface temperature variation due ta heating from a point source at a single

modulation frequency. The forward problem was posed assuming that the steel hardened

uniformily in the transverse dimension although thermal effiux varied with depth (k,a)ll1.

This inversion is applicable only ta samples that can be studied using this specific

experimental geometry. An inverse scattering model was then derived ta recover the
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thermal propenies as a function of depth. Inversion of the data was found to he ill posed

limiting the a1gorithm to probing only features near the surface due to its acute sensitivity

to noise.

A more general inverse model for recovery of thermal diffusivity inhomogeneities has

heen derived by Mandelis et al. to study conductivity changes in steels and magnetic field

effeets in liquid crystals [18]. The technique is based on Mandelis' derivation of the

Hamilton-Jacobi thermal harmonic oscillator (THO) for a sample heated at a specific

frequency and is closely paralleled ta the classical harmonic oscillator problem. The

inverse problem divides the sample into layers and solves the properties of each layer

knowing the properties of an the layers above il. The surface properties are measured or

estimated and used ta calculate values for the second, underlying layer and so on.

Recon<JUction ofacontinuous diffusivity profile requires a measurement of the frequency

re'.ponse over a wide range of frequencies and in small frequency increments (0.1 Hz or

less). The data are typically smoothed and filtered before they cao he proœssed.

Subsequently the technique is limited ta frequency domain experiments with large

amounts of smooth data.

Reœntly, Glorieux et al proposed the first inversion routine ta obtain bath the optical and

thermal data from a frequency domain experiment [19]. The forward madel is consnucted

using the traditional method of Rosencwaig and Gersho. For N layers in the madel a

2Nx2N matrix was consnueted with the frequency dependent terms forming the matrix
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coefficients and the boundary coefficients providing the source column veclor. The

2Nx2N malrix is not inverted but reduced 10 row echelon form and solved by back

substitution. The optimal values of the boundary coefficienl at the sample surface are

oblained using a non-linear least-squares fit between experimental and calculaled phase

and magnitude data. The calculated sample surface response is then used to calculale the

optical and thermal paramelers cf cach layer. As would be expecled both the optical and

thermal propcrties cannot be solved simultaneously using this approach as there are too

many variables. As with Mandelis' method a large number of data points spanning a wide

frequency range and fairly small step sizes are required to oblain accuralC inversions of

the profiles. In addition, to obtain continuous depth profiles the sample must be divided

into N very thin layers which then requires construction of a large 2Nx2N matrix. This

results in 2N unknown boundary conditions to be solved for. Although the authors

discussed the technique for recovery of optical profiles none were presented and the

recovery of thermal parameters degraded as a function of depth from the surface of the

sample.

In this chapter we propose the solution to the time domain inverse heat conduction

problem based on a forward model using the free space Greens Function. As posed the

inverse problem is il1 conditioned. but wc will demonstrale that a smal1 amount of

uncertainty in the Greens Function greatly improves the conditioning malcing the problem

better posed and much more easily solved. Un1ike the inversion techniques above this

system is valid for the time domain signais; specifically, the impulse response of the
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system. We present the model for optically inhomogeneous thennally homogeneous

samples and iIlustrate techniques fer expanding the method to optically and thennally

inhomogeneous samples. The technique works well on discrete and continuous optical

profiles. is insensitive to noise on the recorded impulse response and used in conjunction

with a simple Monte Carlo technique. can recover thennal flux prafiIes from any

photothennal experiment.
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2. Formulation of the photolhermal inverse problem for a lhermally

homogeneous optically inhomogeneous sam pIe.

The objective of this inverse heat conduction problem is to reconstruct the optical profile

in a therrnally continuous medium from the phototherrnal impulse response. The forward

model presented is the free space Greens Function for one dimensional heat conduction

shown in equation (5-1):

(5-1)
â T(x.t) = Jo,. [g(X-lCo. t-ta>. q(Xo. ~ dXodlo

where
1

and q(x".t.) is the source profile or driving function. The thermal diffusivity (u). the

observation point (x) and observation lime (t) need 10 he defmed. For a phototherrnal

impulse response t=O as the record is started al the point the pulse is applied. For the

case of front surface deteetion x=O and for rear surface deteetion x=-l At sorne lime ~

after excitation the temperature al x cao he deterrnined from (5-2).

•

(5-2)
âT(x.t) = [g(X~.t) q(Xo> dXo
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• This equation assumes that the sample and iLS environment are thermally continuous and

no thermal reflections arc generated at the sampie interfaces. The validity of this

assumption will be addressed in the experimental section. Using the principles of linearity

we can breakdown the continuous thermal response T(X.~) into N arbitrary spatial

contributions forming a discrete series equivaIent to the continuous integral. Recognizing

that the source is generated in the N layers of the sarnple one can the write an equivalent

expression for (5-2) as (5-3).

(5-3)

•

This series is the spatial discrete convolution of the free space Greens Fonction. A set

of temperature responses for different times ~ can he generated and the resulLS saved in

matrix form with the spatial coordinates in the colurnns and the temporal coordinates in

the rows. The final matrix G[mxn] will contain n columns to fit the N sources in the

sample and m rows corresponding to the number of time points in the recorded impulse

response. There is no requirement that the time or spatial coordinates he uniformIy

spaced or that the G matrix he square. However, it will he shown that there is an optimal

form of G to obtain accurate inversions. The weighting function for the sources is a

column vector q[l,n] and the temperature as a fonction time of will he a column vector,

T[l,m]. The forward mode! can then be expressed as (5-4)•
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• (5-4) Geq=T

Simplistically, one would expect that q can be recovered by the following inversion.

(5-5) q =G" • T

•

However. as written this problem is ill posed meaning that the result is acutely sensitive

to noise and prone to inaccurate solutions. For an ill posed system of equations small

errors in T will produce large errors in q or conversely a wide range of T will produce

nearly equivalent q values. An ill posed system of equations will be also sensitive 10

round off errors in calculation of G and small systematic errors will be magnified in the

inversion process. The remainder of this chapter is devoted tn the analysis of this

problem and different strategies for ilS solution.
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• 3. Analysis of matrix G

The ill posed nature of G is due to the matrix being rank deficient, ill conditioned and the

restriction that the solution vector q be positive to obtain physically meaningful resullS.

Rank deficiency of G[mxn] is the condition that rank r, of G is less !han the column

space or row space: r<min(m,n). Computationally this means that in the row echelon

form of G, matrix U, there will be r linearly independent columns and n-r free variables.

There are m-r zero rows in U which act as m-r constrainlS of the solution JO equation

(5-4) [2l,pS4]. A unique solution for every T exislS if and only if r=m=n; U will have

no zero rows and the solution can be determined by Gaussian elimination of G and back

substitution. This is the condition !hat Glorieux et al. (19) required for their algorithm JO

wode. For rank deficient systems ifone solution exists there will be aset ofsolu::~ each

differing ftom the fust by a vector in the null space in G (21). Physically, this means !hat

there will be multiple solutions JO the inversion problem and it becomes necessary JO

determine the best solution ftom the many.

The ill condition of G is the most significant obstruction JO inversion of equation (5-4)

in the presence of noise. For a system of equations a small perturbation (noise) will be

amplified in the invetSion process by the condition number of the matrix G.

•
(5-4)

(5-6)

Gq=T

G(q+dq)=T+dT

noise Cree equations

noise in q is propagated JO T
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• Removing the noise free equations leaves the expression describing the propagation of

noise.

(5-7) G dq = dT

(5-8) dq = GO' dT

Thus if G is "large". noise in the experimental response will not affect recovery of a true

optical prome. IfG is "small" small amounts of noise in T create large errors in q. The

condition number is a scalar that replaces G in equation in equation 5-8 giving

(5-9) dq = c dT

The condition number of a matrix, c, is the ratio of absolute values of the largest to

smallest eigenvalues(l) of the matrix or alternateively it can be defmed as the largest te

smallest singular values (p.) (21,22).

(5-10)

c = À_ =(J.I_]1J2
À.... J.I....

•

By definition G will be well conditioned as the eigenvalue spread decreases and c

approaches unity, and ill posed as c increases te infinity. 'Iberefore the ratio of the

eigenvalues of G will be the relative amplification of noise from the experimental ttaee
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to the recovered optical profile (21. p268).

A typical condition number of matrix G is on the order of I.e17 for the photothermal

systems studied. This means that noise on the signal will be amplified I.el7 limes in the

inversion process. As one can imagine the results of this inversion technique work weil

in theory where the data is calculated with double precision. but in a lypical experiment

where the noise on the signal can reach 10% the optical profiles obtained using direct

inversion are hard1y informative. Traditionally, scaling of matrix G bas been used to

reduce the effects of the condition number. However, scaling ooly wor:ks when the

detenninant of G is not close to zero. Since the matrix bas already been detennined to

be rank deficient (i.e. at Ieast one row of zeros exist in the row eche10n form) then the

detenninant to the matrix must be zero and the matrix does not have an inverse by the

following properties of the detenninant:

(i) If G or U bas a zero row, then det(G) = O.

(ü) If det(G) = 0 then Gis sîngular and does not have a weil defined inverse (2I,pl48).

It is therefore necessary to increase the rank of G, and the detenninant of G without

distortïng the data.

The final difficulty in solving equation (5-S) is that the solution vector q must be positive

ta be ofmeaning. Thermal waves in the sample are generated by sources (positive q) and
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there are no heat sinks in the sample (negative q). (It is assumcd that therc are no

endothermic photochemical reactions taking place in the sample.) This mcans that in

devising a method of solution for equation (5-5) positivity constraints must bc includcd.
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Table 5-1: Inversion properties of some G matrices

G[m.n] Gaussian

noise

absolute level

cond(G)

(c)

rank(G)

(r)

det(G)

•

32.32 0 6.2e18 16 -Ule-236

32,32 l.e-4 3.3eS 32 -1.6e-93

32,32 l.e-3 1.5e4 32 -3.0e-68

32,32 1.e-2 8.5e2 32 -3.8e-41

128.32 l.e-3 1.3e3 32 NIA

128.32 l.e-2 1.3e2 32 NIA

Table 5-1: The inversion characteristics ofa Greens Function mattix (G) conslIUeted with

1=30.e-6m. dt=.2e-3s. a=1.e-7. xa=O. Law levels of uncertainty helped make the array

full rank. improve the condition number and increase the determinanL Rectangular

matrices with more lime points further made the mattix bener posed. Condition numbers

(c) are calculated as the ratio of largest ta small singular values•
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......

4. Solutions to making G weil posed

The G matrix as calculated by equation (5-3) with unifonn time and space incremenlS will

always be ill posed and acutely sensitive to noise. The first row of table 5·1 shows that

G bas an extremely large condition number. cond(G). is rank deficient. rank(G), and bas

a detenninant that is close to zero, det(G). However, rows 2 to 4 of table 1 display that

with uncertainty added to G the matrix becomes full rank. cond(G) decreases and det(G)

increased. The fmal !wo rows of table 5-1 indicate !hat G is made better posed by use

of a rectangular matrix with more lime !han space coordinates. The condition number

decreases to 135. a l.el6 fold improvemenL The value of cond(G) cao be further

improved by increasing the uncertainty on G and making G more rectangu1ar. However.

with increased uncertainty in G and increased size there is trade off against further

improvement of the condition number of G and the accuracy of recovery of the source

profile q. and increased computation lime.

An illustration of the iIlcondition ofG is seen in Figure 5·1. AG [32,32] was calculated

for the conditions in the tirst row of table 5-1. The columns of G are plotted !ogether in

Fig. 5-la illustrating the temperature vrs lime profiles reaching the surface from each of

the N layers. The largest and fastest temperature response comes from the layer at the

top of the sample and the slowest and weaIœst response comes from the layer at the back

suâaœ. The G matrix bas been nonnalized 10 ilS maximum value 50 that the values of
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the coefficients range from 0 to 1. The inverse of G. G". bas ilS columns ploued in Fig

5-1 b. The coefficients of G'\ range from 0 to 3.e II and are periodic in both the column

and row space. One can sec now how low noise levels on the temperature response. T(t).

will be amplified when multiplied by G" and solutions to q will be wildly oscillating with

positive and negative values. The effect of 1% Gaussian noise added to G is ilIustrated

in Fig. 5-13. The individual temperature prafùes have the same trends as Fig. 5-la but

are no longer precisely smooth. The columns of G'I in Fig. 5-2b no longer have all their

energy confined 10 local anti-nodes. and the absolute values have dropped along the

vertical axis. Table 5-1 shows that for 1% noise the condition number of G is now 850.

an improvement of l.e16. the detenninant bas increased and the matrix is full rank

making it much better posed and far less sensitive to noise on the recorded temperature

response. The seeded G matrix is full rank and a unique solution 10 ~ Il = T now

exists. However. it ooly one member of an ensemble C Il = T where ~ Il. and T

are now random variables. With enough averaging it will be shown that wc obtain

Ci Ci = T where Ci approaches G. Ci approaches q and T approaches T as the

number of seeded inversions goes 10 infinity.

For some seedcd full rank systems it was found that the equations were inconsistent as

determined by rank. The temperature response with large amounts of synthesized noise

added could not he described as a linear combination of the G columns. Subsequently.

either the uncertainty on G was reduced or the system of equations was solved to obtain

the best estimate of q using the pseudoinverse technique discussed below•
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Rcgularization techniques are often used in linear algebra to improve the condition or

balance of a matrix !>cfore inversion. These techniques tend to scale the matrix to reduce

extreme values of coefficients, center the coefficients as close to the diagonal as possible

and generally improve the inversion properties of the matrix. For the G matrices in this

study regularization techniques failed to improve the overall condition number of the

matrix and were not used. A number of different data sarnpling strategies were also tried

without sucœss. One sarnpling strategy that warrants exploration involved resolving

buried features separated by unequally spaced thermal features. This can be approximated

by x = J2a. n ~t•• where 1. is the sarnpling lime and n is the number of lime channels

into the lime record. Features closer to the deteetor will be more clearly resolved than

features buried deeply in the sarnple. This bas the effect of generating a Greens Function

matrix that is almost lower triangular with the maximum of each lime response along the

diagonal. This is illustrated in Fig. 5-3. The G matrix corresponding 10 Fig. 5-3 is

theoretically more easily inverted than the G matrix corresponding 10 Fig 5-1a as itdoser

ta the Hessenberg form. However. the smooth dissipative nature of the thermal response

makes this matrix scale invariant and the computed rank drops 10 between 4 and 6•
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• 5. Solution of the inverse problem

•

In section 4 the problem of rank deficiency and ill conditioning was addressed. However.

making the problem (equation 5-4) welI posed does not guarantee that the optimal solution

to the inversion can be easily obtained. The difficulties include constraining the solution

to be non-negative and characterizing the probability density functions of solutions aiter

seeding G with random noise.

In practice we have found that pseudoinverse inversion and constrained minimizations are

the best techniques for obtaining a physicaIly meaningful q solution. This section

describes the calculations used in these solution procedures. Section 6 then applies the

inversion technique to theoretical temperature responses and examines the accuracy of

each technique.
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• S-ia The pseudoinverse principles.

For inversion of an il! posed system the Moore Penrose pseudoinverse can be used to

obtain the least squares projection of T onto the column space of G thereby giving the

optimal choice of q for a given T (2I,pI30).

The pseudoinverse is applied by transforming the iII posed system of linear equations into

an orthogonal vector space where it is easily solved. The optimal solution is determined

by minimizing the least squares of the euclidean length and transforming the resulting

solution back into the original column space.

The pseudoinverse can be applied to any matrix G on the premise that G[mxn) can be

faetored into orthogonal components according 10:

(5-6)

•

where Q,[mxm) is an orthogonal matrix. Q.[nxn] is an orthogonal matrix. and S[mxn) is

a diagonal matrix with the singular values of G on its diagonal (21 p13S). The orthogonal

decomposition of G by equation (5-6) is referred 10 as singular value decomposition

(SVO). The rotations Q, and Q.just swing the columo space of G into line with the row

space. and G becomes the diagonal matrix S (21.p 136). The advantage of orthogonal

decompositions. such as the SVO. is that the matrices Q" S and Q. have many useful
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• propenics including weIl defined inverscs. The inverse of any orthogonal matrix is ilS

transpose and the inverse of the diagonal matrix S is the inverse of the individual

elemenlS.

III

S[m,n] =

(7)

o
o

Sln.m] =

o
o

•

The pseudoinverse of G. G+. is calculated by inverting the three factors in (6-6)

separately. and multiplying in reverse order.

G+ can DOW be inserted inlO equation (5-5) in place of G·1 and the system solved for q•
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• It is noted that S will have the same dimensions and inversion propenies as G. The rank

of S- equals the rank of S and the rank of G, which is r. The pseudoinverse of S' brings

us back to S: Le. (S-r = S or (G-r = G. However, for most systems, G- multiplicd by

G does not equal the identity matrix and thus the name pseudoinverse rather than a true

inverse.

For an inconsistent system with no solutions or an underdetermined system with a set of

solutions it becomes necessary to determine the best solution available for q. We derme

the "best" solution as the one that minimizes the least squares (LS) of the Euclidean

length, IGq-TI2
• This problem is mosteasily solved in the orthogonal vector space using

the followïng property of orthogonal matrices:

For any orthogonal matrix Q the Euclidean length is preserved under multiplication (20).

(5-9)

(5-10)

IQyI = IYI

IQ(Gq-T)f =IQGq-QTf = IGq-Tf

•

This means that the LS solution will not be changed by orthogonal transformations and

the LS solution in one vector space can be transformed directly ta the other•
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• S-ib Implementation or the pseudoinverse

To illustrate the steps involved in the transformation we choose to define a generic set of

equations so as not to confuse the reader with Gq=T which is defined strictly as per the

photothermal system.

Consider the LS problem IAx-b12 where A[m.n] bas rank r.

(5-11)

(5-12)

(5-13)

= I(QI S Q2T)X-bI2

= I(QITQI S Q2~-QITbI2

= I(S Q2T)X_QI
TbI2

from (5-6)

from (5-10)

from (5-9)

•

Here QT is the transpose of matrix Q. Applying the following orthogonal transformations

y = Q2Tx. g = QITb 10 (5-13) yields the least squares problem in the orthogonal space.

(5-14) ISY _ gl2 •

This is written in matrix form as:

2

111

~ YI
81

113 Y2
82

Y3 -
Il, .

8.
0 Y.

0
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There will he r solutions in the row space and m-r zero solutions in the null space. Since

S contains only r singular values along the diagonal, the top left corner contains ail the

information about the system. We now define the following submatrices:

RU = the top left [r,r] corner of 5.

R22 = the bottom [m-r,n] rows of 5.

(5-14) y = Y. + y, where Y. is the first r values of Yand Y. contains the fmal n-r values

of y.

(5-15) g = g. + g. where g. is the first r values of g and g. contains the fmal m-r values

of g.

We can then write 15y _gl' =IRlly.-g.1 + IR.,y. - g.1

= IRlly.-g.1 + Ig.1

•

This illustrates that the LS solution will he independent of the values of y, which projects

only onto zeros of the row space. The vector Y. is unique as it projeeted onto a square

matrix of rank r. To minimize Yin equation (5-14) one simply sets y.=O and inserts it

into y. Transforming Yback 10 x then solves the LS problem as originally posed.

x=Q,.y
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Note that the solution of the minimum Euclidean length of IAX-b f is unique and

indcpendem of the orthogonal decomposition technique. Wc have used SVD as

mcntioncd abovc.

Thc pseudoinverse techniquc applied to cquation 5·5 works very weil at recovering

continuous optical profiles. Its strengths and limitations are fully explored in section 6•
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S-ii The non-negative least squares minimization

Minimization algorithms are an iterative approach to solving the inverse thermal heat

conduction problem (equation 5-5). The algorithms are based on estimating the source

prome, q, calculating the corresponding theoretical impulse response by equation (5-4)

and comparing it to the experimentally measured impulse response. By generating the

appropriate values of q the error between the theory and experiment is minimized and the

solution moves towards the true source profùe in the sample. When the two impube

traces match exactly the trUe source profile is obtained.

The choice of coefficients (sources) in q is detennined by a convergence criterion based

on the norm of the noise on the experimental signal (23). The II norrn is for exponentially

distributed noise and the residual düference between the experiment and calculated

temperature response is minimized. The ~ norrn is for gaussian noise and the sum of the

squares of the residuals is minimized. Norms of the orders 2,3,.•• up 10 infmity exist for

different noise distributions. The _ norrn is for noise with a square or box distribution

in which case the single maximum residual is minimized.

For a trUe simplex (the Il-norrn) the error surface is a cone shaped hyperplane which

restriets the possible solutions to equation (5-4). Each intersection of the hyperplane is

a vertex corresponding to the coefficients of the vector Il and bas a absolute value

representing the 11 error between theory and experimenL By minimizing the lcnorrn the
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• simplex moves Il towards the apex of the cone where the error is minimum and where

q is the bcst representation of the source profile q. The concept is illustrated in Fig. 5-4

showing the intersection of multiple erre-r planes.

The error surface of a 12 norrn is a smooth parabolic cone with no discrete venices.

Rather, it has a continuous profile similar to a smooth valley. The 12 minimization simply

moves along the error surface checking the error leve1 or the error surface gradient as it

moves Il towards the optimal solution at the bonom.

We have developed a minimization algorithm to solve equation 5-5 which uses gradients

of the 12 error norrn to deterrnine the direction of descent towards the optimal q. It has

been terrned the non-negative least squares fit (NNLS).

For every least sq!lates problem of the form IGq-TI2 =0( Il) we can define Il as any

point on the error surface and p( Il) as its gradient The gradient vector is calcu1ated at

c any point as the dot product of the vertex vector and its directional derivative.

(6-15)

•

By moving down the error surface following the gradient of steepcst descent, one moves

towards the optimal solution ii. At the minimum the gradient will change sign as it

starts to climb the wall of the error surface. By stopping the advance along the error
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surface at this point one will obtain the optimal solution q as delermined by the 12 norm.

To prevent the minimization from converging to negative values of q the solution is

constrained to be positive.

The algorithm for solving the NNLS problem is taken from reference (21,pI60) and

summarized here. The minimization is initialized with no prior knowledge of the optical

prome in the sample and the initial guess is assumed to have no sources (i.e. q=O). A

solution matrix E with same dimensions as G is initially set empty as is the working

vector z. The direction of steepcst descent along the 12 crror norm is calculated using

equation 5-15 and the column vector (source) which aligns that direction is copied from

G and placed into E. The pseudoinverse is then used to obtain the best fit vector z:

Ez=T

Only coefficients of z for which are projeeted onto the columns of E are retained after

the inversion. Thus for the fl1'St pass z bas only one coefficienL If ail coefficients of z

are positive then lt takes on the values of z and the algorithm stans again to determine

the new gradient of steepcst descenL This process repeats itself until either the gradient

changes direction. at which point the minimum is obtained. or ail the source vectors are

accounted for in the solution. If at some point one of the coefficients of lt becomes

negative a constant is added 10 the entire vector to make ail coefficients non-negative.

The source that generated the negative values is removed from E and the algorithm
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retums to calculate the new gradient This is equivalent to backing up the error surface

by one position so that another direction of descent can be selected. At this point the

routine will keep lrying ail directions until a new positive solution can be found or it

cannot advance in any direction at which point a minimum will be decIared.

There are a number of features about the NNLS minimization that bear comment F1I'SL

the direction of minimization is the gradient of maximum descent down the error surface

and the convergence is obtained when the gradient changes sign. As a resuIt of the

convergence criteria being related to the gradient NNLS will always give a "bestestimate"

of the source profile. The best estimate of q may not be accurate enough for analytical

purposes but the resuIts cao easily be checked by placing the recovered q into the forward

model and checking l1".e fit between theory and experiment. A poor estimate of q will

give a skewed temperature response when substituted into the forward modeL Secondly,

as more and more column or vectors are puIled into solution sets the matrices become ill

posed and the accuracy of the minimization becomes limited by the accuracy of the

inversion at each point along the errer surface. NNLS uses the pseudoinverse and is

limited in its accuracy by the introduction of negative sources at the point of inversion.

The NNLS technique works very well at recovering discrete profiles because few columns

of G are needed to account for the temperature response. Continuons optical profiles

require a larger number of columns and as such are slower to converge and more prone

to distortions caused by ill conditioning. However, by seeding G as we did with the

pseudoinverse routine the tecllllique is capable of recovering an arbitrary profile with a
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high degree of accuracy.
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6. Results and Discussion of Inversions of Theoretical Profiles

Both inversion techniques introduced in pan 5 can recover arbitrary optical profiles from

synthetic data generated with machine precision. However. photothermal experïments

rarely gcnerate data with less than 0.1% noise and 1% noise is typical. Therefore along

with noise free data we present the theoretical evaluation of these inversion techniques

with data only known to 0.1%-10% accuracy. i.e. 0.1%-10% noise on T. G or both.

A variety of thermal source profiles are presented in Fig. 5-5 covering a range of possible

conditions that may be encountered in photothermal science. The fust is a linear prome.

the second is an exponential. the third is a triangular prome. the foUIth is a step funetion

and the fifth is a discrete source. AIl inversions were fit using front surface temperature

deteetion. The sample top surface is defined in the figures at x::O and the back of the

sample is al x=50 J.IIII. Fits by the ~ norm are presented in percent. To make the

calcu\ation the theory and experiment are nonnalized (T or q) and the error at the point

of maximum difference is reported.

The seeding process used in this work is implemented as follows. The data to be seeded.

G or T. are normalized to the maximum value. This restricts the coefficients to values

between 0 and 1. A random number generator is used to fill a matrix of equal size with

Gaussian noise characterized by a Mean of zero and a standard deviation of unity (24).

Each individual coefficient of the "noise" array is multiplied by a scaling factor that is
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input by the user. The noise and data arrays are then added togethcr absolutcly to obtain

the seedcd matrix.

Pseudoinversion results

(i) inversion of noise free temperature responses.

Direct pseudoinversion of G works weil reconsuucting optical profiles using noise free

data. Data generated with machine precision is invened in Fig. 5-6. The pseudoinverse

accurately recovers the linear. exponential and discrete profiles when data are known to

17 decimal places. The triangular and step functions present a little more difficulty giving

ooly approximate recovery of the optical profile. Inversion of temperature responses

known ooly to 1% accuracy, using a unseeded G matrix, produces a wildly oscillating

inaccurate source profile with negative coefficients as shown in Fig [5-7]. This wildly

oscillating nature is due to the li conditioning of G which can be improved with seeding.

A study showing the recovery of noise free data with a seeded G matrix followed by

averaging is presented in Figures 5-8 and 5-9. The results of 100 pseudoinversions are

plotted as an ensemble in parts (a-d) while the average of each of the 100

pseudoinversions are plotted in parts (e-h). From the ensemble one is able to view the

mean and confidence interval obtainable for a given level of noise in the seeding of G•
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Thc confidence lcvel is about similar whether G is seeded with 1% noise (Fig. [5-8]) or

0.01% noise (Fig. [5-9)). However, as can be seen from the averaged results that for 100

avcrages the signals inverted with the lowcr level of noise converge more closely to the

truc optical profiles. The results of inverting the optical profIles 3 times with 100

averages and 1% seeding is presented in Fig. (5-10) clearly showing that the confidence

interval is decreasing approximately as one over the square root of N. With enough time

and enough averages the solution converges towards the pseudoinverse fit recovered using

machine precision data. This is the advantage of simple Monte Carlo seeding of G and

averaging of the invened optical profile. As can be seen the technique satisfactorily

recovers the continuous profIles but bas difficulty recovering the triangular and step

functions. The discrete profile could not be differentiated from the triangular profile and

is not shown hcre.

(ü) inversion of "DOisy" temperature responses

Gaussian or uniform noise of5% on the recorded temperature impulse response have only

minor effects on the teehnïque's ability to recover a continuous optical prome. The

robustness of the pseudoinverse is illustrated in Figure 5-11. Theoretical temperature

responses are shown in Fig. 5-11a with 5% and 05% gaussian noise added. The true

exponential source profIle is plotted as a dashed line in Fig. 5-11b. The two solid lines

are the recovered source profiles using the pseudoinverse technique with the T traces in

5-11(a). Both temperature responses returned similar source profiles after 400
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pseudoinversions seeding G with 1% noise. The accuracy of the recovercd protile was

found to be related to the uncertainty in G more that T. The psueudoinverse lit the truc

optical profile in regions where it varies slowly but was skewed in sharply varying

regions. When the IWO optical profiles recovered from noisy data are placed into the

forward model the calculated temperature responses matched the original noise free

temperature response to within 1.0% over the entire impulse response (Fig. S-llc). This

illustrates three important features of the inversion routine. Firsl, a simple Monte Carlo

seeding technique can be used to recover optical profiles form noisy temperature

responses. second the results suggest that the limiting Step in recovering accurate thermal

profiles is still the inversion process rather than the experimental noise on T. FmaIly, the

least squares projection used in the pseudoinverse effectively fits the source in the

presence of noise on the temperature response.

Pseudoinverse fits of a discrete source with 1% uncertainty on the temperature response

is presented in Fig. 5-12a. The pseudoinverse inversion technique is able to identify the

position of the discrete source but unable to follow the sharp edges. Negative sources are

introduced to account for the broadening further distorting the true optical profiles. This

smooth inversion is generated from seeding G with 1% noise and averaging 1000

inversions. When G is known to more accuracy the pseudoinverse is effective al

recovering the sharp edges. Fig. 5-12b shows that when G and T known to 5 decimal

places the inversion recovers discrete sources with minor distortion of the optical baseline•

168



•

•

As yet. we know of no onhogonal transfonnation that will help delCct sharp edges and

constrain the solution of q to be positive. Until this can be developed the psuedoinverse

will be suitable for recovering continuous profiles but not diserete profiles.

(ii) The NNLS minimization results

In contrast te the pseudoinverse the NNLS routine iS extremely effective at detecting

diserete sources. sharp edgcs and rapidly varying opticaJ profiles as the experimental

temperature rcsponse projeets ooto only a few column vectors. The method has a very

smallline spread even for featurcs buried deep in the sample.

(i) NNLS inversion noise free data

The NNLS inversions of noise free data was studied using the four opticaJ profiles in

FIgUres 5-5(a-d) and a multiple diserete profile. Single NNLS fits of the profiles.

prcsented in Fig. 5-13. show the effects of the rank deficient nature of the unseeded G.

A sample with two diserete sources was recovered accurately because the number of

columns required te dcscribe the temperature rcsponse was less !han the rank of G (Fig.

5-13a). The continuous profiles in Figs. 5-13(b-e) were not recovered because in each

.case only 7 sources were pulled in as an estimate of the profiles. Seeding of G

effectively increases the tank of G so more sources may be pulled in for each inversion.

The ensemble of 100 seeded NNLS inversions plotted together shows the mean with wide
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confidence intervals for a single inversion (Fig. 5-14 a-e). However. the average of the

100 inversions produces a smooth curve which converges to the same profile obtained

using the noise free pseudoinversion (Fig. 5-14 f-j). This is expected as the NNLS

algorithm returns the least squares fit with the soluùons constrained to be positive.

Similar results for 1% noise in G and 0.01% noise in G are ploued in Fig. 5-14 and Fig.

5-15 respectively. As with the pseudoinverse technique the NNLS technique will require

more averaging for a larger uncertainty in G. The results of inverting the opùcal profiles

3 limes with 100 averages and 0.01% seeding is presented in Fig. 5-16. Again the

confidence interval cao be seen ta decrease approximately as a function of the square rool

of the number of averages. The most difficult inversion appears 10 be the step funcùon

which is a combinaùon of IWO very flat sources and a sharp edge. ACter 1000 averages

seeding G with 0.01% noise ~"NLS recovers the profile in Fig. 5-17. The lower part of

the step and the edge are recovered reliably bul the position of the step is eslimated too

high and resembles the response of a Chebychev high pass fIlter. This error may be due

to the finite bin spacing and fmite lime spacing not allowing for such sbarp contrasts 10

be recovered next to each other.

Inversion of optical profiles thal require ooly one or two columns of G seeded ta 0.1%

give a resulting line spread of 1:1 or 1:2. Figure 5-18 shows the effect uncertainty in G

bas on the inversion of an optical profile with IWO discrete sources. The sample is 50 J.IID

thick with one source 16J.IID from the surface and a lleCond one al 39JIID. The sources are
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weighted 1:0.8 respectively, the temperature response is monitored at the sample surface

and inversions are the results of 25 averages. With G seeded with 0.1% uncertainty the

optical profile is recovered with minor distortion. When G is seeded 1% noise the line

spread is increased to about 1:4. The top feature nearest the detector is less distorted

while the bottom feature is broadened. If G is seeded with 5% noise the line spread is

increased to 1:9 broadening both distinct optical promes. Increased averaging introduces

no new sources but will tend to round the features of the inversion with 5% noise.

The major advantage of seeding G is to improve its condition number and rank to make

the inversion of equation 5-5 weil posed. On the whole the more G is seeded, the better

conditioned it becomes and the less sensitive the inversion will be to noise on the

experimental signal. However. one must trade off improved conditioning against

increased uncertainty in the source position as G is seeded. The optimal noise level on

G depends on the nature of the profile that is being recovered. Discrete profiles that

require ooly 1 or 2 sources need G seeded 10 0.0001%. This gives accurate an recovery

with no line spread. Continuous profiles will require more sources to describe the

temperature response and ill conditioning errors will effect the inversion routine. Under

these conditions G should be seeded between 0.01% and 1% for best results.

(ü) NNLS inversion of "noisy" data

The effects of noise on T(t) in NNLS inve.rsions is studied for the same discrete and
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continuous source profiles discussed above.

The recovery of an exponential profile in the presence of 1% noise is presented in Fig.

5-19. The ternperature response was seeded with 1% gaussian noise (Fig. 5-19a) and the

inverted optical profiles (Fig. 5-l9b) are the average of 25 and 100 minimizations seeding

G with 0.5% noise. As with the noise free ternperature responses the solutions converge

to the true optical prome as the number of averages inereases.

Recovery ofa single discrete source is illustrated in Fig 5-20. An optical profile two bins

wide in a 30 I1m sample is recovered using temperature responses with 0.05%. 1% and

10% noise and G seeded with 0.05% noise which was shown earlier to provide nearly

distortion free inversion (Fig. 5-18). The three ternperature responses are plotted together

in Fig. 5-2Qa showing the extreme signal to noise ratios of a lypical experimenl The

smoothest trace being exceptional. the midd1e trace lypical noise levels and the 10% noise

leve1 basically unacceprable. However. after 5 averages ail three inversions converged

to about the same solution illustrated in Fig. 5-20b. T(t) response with the lowest noise

recovered the optical profile with high accuracy. the T(t) with 1% noise had only minor

distortion and T(t) with 100/0 noisp. recovered a source ooly one bin widc. but in the

correct position.

172



•

•

Effects of systematic errors on the inversion process

The effects of incorrect thermal paramelers estimation is illustrated in Fig. 5-21 using

result from NNLS with theoretical data calculated to machine precision. The model is

attempting to recover the magnitude and position of the same two sources illuslrated in

Fig. 5-18.

Fmt we consider the situation where the sample is measured to be thicker than it really

is. A 10% errer in estimating the sample thickness results in a errer of positioning the

source by about 5%. The profiles are broadened slightly and absolute values of q have

decreased (Fig. 5-21a). If the estimation of the sample thickness is off by 20% the

inverted profile is still not tota1ly distorted although the pllSl:ïon is lurther shifted and

broadened. The relatively small changes in the profile are a reflection of the therrnally

continuous model being used. Since the inversion is based on monitoring sUIfaœ

temperature the errer due to increased thickness is effectively added to the rear of the

sample where no source exists. The corresponding broadening of the optica1 profiles then

solely reflects the effects of an increased bin sile in the inversion process.

It is noted here that the important parameter is rea1ly the thermal thickness of the sample

which can be defined as the sample thickness (1) divided by the square root of the thermal

diffusivity•
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11bmD =IIsqrt(a).

Thus an error in sample t1ùckness is indistinguishable from an error in the measured

sample diffusivity. When the recovered "best fit" optical prolïle is fed back into the

forward model it does not produce a temperature response that matches the original

temperature response. Thus distortions in the inversion procedure due to incorrect sample

properties can be deteeted comparing the theory and experimental temperature response.

We believe that tIùs can be an advantage to other inversion routines in that the NNLS will

not distort the recovered source prome without also distorting the temperature response.

Another possible source of error which skews the image is data acquisition. The effects

of a OC offset is illustrated in Fig. S-22. The same T(t) response is normalized after

different OC offsets bave been subtracted. The T(t) traces in Fig. S-22a are obviously

different and the inverted optical profiles produces three different sources. The true

profile is the sample from Fig. 5-18 (SOIll11 thick with two sources). A 10% dc offset in

the measurement distorts the weighting of the two recovered profiles, broadens them and

shifts their location. A 30% OC offset recovers a single source ooly.

The effeets of systematic errors are dealt with in the next cbapter where the inversion is

applied to real photothermal signais. However, from the theoretical analysis of tIùs

inversion technique it is clear that the greatest source of inaccuracy of tIùs inversion is

not noise on the experimental signal but systematic errors in measurement of the thermal
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rcsponse. It is important to realize that random uncertainûes in the data are preferable to

systematic distorûons in the data. If the incorrect thermal data are fed into the model with

a low error limit, either of the techniques will retum a source profile to explain the

tempcrature rcsponse for the erroneously chosen G. An erroneously chosen G is

equivalent to choosing the wrong basis for the problem and subsequently it is less likely

that the correct source profile will he recovered on inversion.

7. Inversion of thermally and optically inhomogeneous samples

The techniques for recovering opticaI profiles cao he extended to recovering optically and

thermaIly inhomogeneous samples.

The photothermal problem cao always he written as equation (5-4).

(5-4) G. q =T

It is possible to separate thermal connibutions by metalizing the top of the polymer and

recording the photothermal rcsponse. Following the method of Aamodt et aI. [11] the N

layer sample can he written described as N manices which are then added together to

obtain the G matrix for the thermaIly and optically inhomogeneous sample. 1bis work

is not developed any further but lcft for the future.
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Conclusions:

It is possible to uniquely determine the optical profile of a thermally continuous sample

using photothermal spectroscopy and inverting the data using the pseudoinverse and

minirnization techniques. The dithering of G with random noise makes the problem weil

posed and solvable. Future work remains to determine the exact interpretation of the

seeding routine as seeding G does not directly equate an equal uncertainty in the optical

profiles due ta the nature of matrix multiplication.
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Fig 5-5e
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source Int"nslty Car!>. unlts)

1
al al Cll al Cll Cll Cll.. .. N W .. !Il a-

al

~L.._--J~_-L.__-L..._......J~_.....L__....1.._---l

....

•• N• al•-Il
•Il•..
:1'... WC al•...

•~...-



•
Fig 5-6e

source lntenslt!/ <ar!>. unlts)

m m m m m m m lSI lSI

m .. N ... .. ln '" -.1 o:l ~ ..
lSI -. -,-

..
lSI

•• Na lSI"d..
Il

""Il"d..
:r... ... .c ma...

..
m .

.~

~ L._...L.' __1-'_...L.' __1-'_...L.' __1-'_...L._..L._--L_-1



•
source Int.enslt.y Car!> • unlt.s>

1 1.. <SI <SI
1

III .. etI etI ..
<SI

N
<SI

..
<SI

•,.
~
"li-Il..
".-ft
:or
:s
Il•
• 101,.. <SI
s:•..,

..
al

---------------
-

----~~~-~---------­~-

•

~L--.l.-.--:::====±:====--...J
Figure S-7

PseudoinveISion of the discrete SOUICe profile (dashed) with 1% noise added ta the

temperatun: response. The inverted optical profile (solid) is dominall'i'! by the noise in

the œmperanue response due ta the ill conditioning of G. (see table S-1 row 1). Both

traees have been nonnalized ID the maximum value. (-dt=05ms. dx=1.2 pm )
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Figure5-S

Pseudoinversion of differenet oplical profiles seeding G[l28,32] with 1% noise. n=l00

averages, dt=O.5 ms. 1=50 pm. no noise on T(t}. The ensemble are plolted IOgether: (a)

linear (b) exponenlial (c) triangular (d) step. The average of the ensemb~ are plolted

with the aue profile: (e) linear (f) exponenlial (g) triangular (h) step.



•

•J1
~.

Fig S-Sb

source Intenslty (arl>. units)

1 1... lSI CIl ... N
1 .

ln ... ln ln ... ln N ln
CIl

...
CIl

•• NJI CIl"li-Il...
Il
"li..
:r
....

~c: CIlJI
w

..
CIl

:L.-_-'-__-'-_.......__~__



•
Fig 5-8c

sourco ln~ensl~!I <arl>. uni~.)

1 1
106 CD CD 106

1
III 106 III III 106 III NCD

•• N:1
'li III-Il
""Il'li..
:r... Cl)c œ:1..,

..
œ

lll~--""'-""''''

•



•

eJ1

Fig 5-8d

sou.rce In~..nsl~!I (Arh. uni~s)

1 1
al al al al al al al al al al.
N .. al .. N 101 .. III Ir' -.1 CIl

al --

•• NS al"II..
Il

'"Il .,
"II...
:'
,.

101c: alS.., --.,.,.

:: L..-_J-_.L.._...._ ..



•

•

Fig 5-se

aourco lntenalty <arb. unlta)

= = = = = = = =
œ ~ N W ~ ~ ~ ~ = ~ ~=..--,----,r----r---r--,..---.----r--.--""T"""---.

•• Na ="li-Il
Do
Il
"li..
':1'... ...c =a..,



•

•

Fig 5-8f

sou~ce lntenslt~ (a~b. unlts)

= = = = = = = =
=....-_.....;N~_-:;...:....._-:;..__~'";..:..._.....;CI'.-_....,-.,l:.....__=;:..._....;~~_....:,..

..
=

•• N• ca..-•
'"'•....
."... ...c: ca•....

..
ca

:l-_......_.....l__..L.._....L_--J"--_..L.._-L__l..-~



•

•

Fig 5-8g

SDur:e lntenslty (arb. unlt.)

1= = = ~ =
N N. ~ = ~=.----;;;----;r----.....,.---;.---.;=.--...:,

•• N:1 ='ll-Il
•Il
'll..
.".
,.

Col.. =:1...

..
CIl

~1---...z.---..L..---L---..L..---L----J



•
Fig 5-8h

source int.ensit.!/ C....h. unit..)

1 1
al al al al al al al al al

N .. CSl .. N c.:o .. III f3'o -.l
al

CSl

CSl

..
al

•• N:. al

""-0
1"-
0

""..:r
,. c.:oc: lSIJI
'W

..
ta

•J'



e.

•

Fig 5-9a

sourCD Intenslty ( ...Il. unit.)

1 1.. CD CD .. N1 . .
CIl .. CIl CD CIl CIl N CIl c.lCD

•• NJI CD

""-CI

Ilo
CI

""..:r... c.lc: CDJI...

~L-_.L.._-L._--L __

Figure 5-9

The exact same study as Figure 5-8 but G is seedcd with 0.01% noiSe. NOle that the

confidence band has decreased as the amount of noise on G is decteased.
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Figure 5-10

The result of the ree:overed optical profiles from the average of 100 inversions done 3

times. NOle that with increasing averages there is increased confidence in the recovered

optical profiles. TIle pseudoinverse can ree:over the continious optical profiles but bas

trouble deteeting the sharp edge or rapidly varying optical features. Conditions as Figure

5-8.
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Figure S-l1

(a) The tempemure response for the exponential source in Figure SoS. The dotted line

bas 0.5% noise addcd and the solid line bas S'Il noise added.



e.

•

Fig 5-11b
intansit!jsource Carl>. unlts)

CS! CS! CS! CS! CS! CS! CS! CS! CS!. . . . .
CS! .. N Col ... 111 C' -.J CIl \li ..

<SI

..
CS!

•
• N:1 œ•-III
Do
III•~
::r
,.. Col

" CS!:1...

..
llII

(b) The recovered souxce profiles seeding G[l28,32] with 1% noise and averaging 400

inversions. The lIUe profile is dotn:d. The recovered profiles fit equally well for either

temperature zesponse used for the inversion. [l=SO pm. dt=O.5 ms]
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(c) The true tempcratUI'C rcsponsc (solid) and the calculated temperatU1'C rcsponse using

source rccovcrcd from the tempcrtU1'C rcsponsc with·S% noise addcd. The small cnor is

amibuted to the fact that T(t) was not rcsccdcd for cach inversion and thus the

pscudoinverse was ttying to fit the same crroneous temperaturc rcsponsc cach tinte.
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Figure 5-12

(a) Recovery of a disaeœ optical profile with 1'J& noise on T. The pscudoinvcrsion tan

dcteet the location of the source but cannat reconstruct the.sharp cdgcs. G[128, 321. 1=50

pm. dt=O.5 ms, N=400 and 1000.
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(b) Conditions as in (a) but G is sccded with 0.0001'l& noise and N=400•
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Figure 5-13

Single NNLS fits ta 5 diffcrent optical profiles. (a) Two discrere sources are recovered

3CCUIarely, but continuous profiles that are (b) linear, (c) exponential, (d) triangular and

(e) srep functions are not recognizable after ooly one inversion. The srep fonction bas aIl

the SOUICeS in the correct haIf of the sample.
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An ensembleof 100 sinpe NNl.S imletsiOClS ploal:d lOJdher with G[l28,32) scod<d with

1.. noise and no noise 011 T. (a) IWO cIis=le sowa:s (b) linCIf sou= (c) expac1Cfttial

sowce (cl) triancuJar """"" (c) SlCp sou=. The a...-qe of the 100 inversicft is thcn

p10ned with the llIlC souce promos: (0 clis=œ. (&l1inClf. (h) cxpDIlClItiaI. (il triancuJar•

(1) SlCp.
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Figure 5-15

Same as Fig. 5-14 but G[128,32] is seeded with 0.01% noise. The recovety ofthe optical

profiles are approximately equivalenl
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The result of 100 NNlS avcragcs plolll:d tbIec timcs showing the confidence band

dccrcasing. (a) disacte SOIlICCS, (b) lincar profile. (c) cxponcntial profile. (d) triangular

profile. and (e) step profile. The uuc optical profiles are shawn as dashed lincs wbilc the

recoveted profiles are shawn in solid.
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Fig 5-17
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becomes smoother. but it still cannot accuraœly recover the entire soun:e profile.

The average result of 1000 NNLS inversions ta recover the step funclion. The function..
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Figure 5-18

•
A line broadéning study to examine the effects seeding G bas on the line spread. The

truc soun::es are at 16 pm and 39 pm and can be recovered without broadening using

machine precision data (sec Fig. 5-13a). A 0.1% seeding broadens the lind 1:2 (dotted),

1% noise on G bas a 1:4 line spread and 5% noise bas a 1:9 line spread. Accompanying

the increased line spread is a distortion of the optical profile.
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The results of 1000 averages of seeding G vith 5' noise•

Note that increased averaqing does not introduce more nev

sources and the profiles do beqin to converge to the

profile vith two discrete sources.
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Figure 5-19

Recovery of an exponential profile with 1% noise using NNLS. (a) Dashed is the

theoretical ten1peratUre response while solid is the seeded ten1peratu:e response used ta

recover the optical profile. (b) solid is the theoretical somœ profile, dashed is the

rec:overed profile after 2S averages and dotted is the recovered profile after 100 averages.
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Figure S-20

Effect of experimental noise on the recovery of the source profilewith NNLS. (a) Three

tempcramre xesponses with o.OS% noise. 1% noise and 10% noise addeA (b) The

recovercd optica1 profiles. Dashed is the recovered profile with O.OS% noise on T. Solid

is froID 1% noise on T and dotted is recovercd froID 10% noise on T. !Jl inversions used

G[128,32] seeded with O.OS$ noise. 1=50 pm and dt=O.5 IDS.
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Figure 5-21

(a) Solid is the nue source positions. Doncd, recovered source position for estimating the

sample 10% too tbick. dashed is the recovered optical profile for estimating the sample

20% too thick. The forward model prediction for the recovered SOUICe profile in T(t).

G[128,32] secded with 0.05% noise. 1=5Opm, dt=O.5ms.
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A OC off••t study shovinq th. .ffacta of incorrect .laetronic "A.ur...nt.
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Chapter6:

Implementation of the inverse heat conduction problem for recovery of the optical

absorption profiles in polymer films by inversion of photopyroelectric spectroscopy

time domain signais.
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Nomenclature

G Greens Function

G Greens Function spatially averaged over the pyroelectric thickness

H Greens Function spatially averaged and electrically convoluted with the electrical

impulse response of the pyroelectric system.

h(t) impulse response in general. Can refer to the temperarure response of the

pyroelectric detector or the electrical filter impulse responsc depending on its

context.

v(t) recorded voltage response.

he the electrical impulse response of the filters and pyroelectric
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Introduction:

Chapter 5 introduced a new theoretical inversion technique to recover an arbitrary

thermal flux profile in a polymer sample from the photothermal impulse response. The

calculations used front surface temperature detection tO recover the photothermal signal.

This appro2ch has application to radiometry measurements but does not describe a

photopyroelectric signal. In photopyroelectric spectroscopy considerations such as

electronic filter effects and the integrating nature of pyroelectric sensors must be

incorporated intO the mode\. In this chapter we will develop methods to account for the

electrical filtering and the thermal response of the detector sc the technique cao be

applied to work in this thesis.

Secondly, we will examine the sensitivity of the inversion procedure to small systematic

errors and explore the physical limitations of the technique in photopyroelectric

measurements. Systematic errors such as incorrect thickness measurement, errors in

thermal diffusivity values, small electronic distortions of the thermal signal and the

assumption of a thermally continuous model will all be addressed.

Finally, an algorithm to convert the thermal flux profile 10 an optical absorption profile

will be presented. As the inversion algorithm is now employed the thermal flux profile

in the sample is reconstrueted. The thermal flux profile is closely related to the optical

absorption profile as non-radiative decay of absorbed light is the mechanism of heat

generation. However, in most imaging applications it is desirable 10 obtain an accurate ~

distribution rather than a thermal flux profile•
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Methodology for inversion of photopyroelectric signaIs.

Photopyroelecoic impulse response measurements are not just a measure of surface

temperature of the sample but rather. the spatially averaged temperature cf the

pyroelecoic sensor convoluted with the elecoical response of ail electronic filters used in

the measurement system. Recovery of thermal flux profiles requires that the averaging

and convolution operations be accoumed for in the Greens Function matrix (G) before

inversion of the photothermal signal proceeds.

The spatially averaged temperature response of the pyroelecoic sensor can be

approximated !wo ways. The tirst is to write the averaging operator as the discrete series

approximation of the free space Greens Function at N observation positions spaced

through the detector where N is the desired resolution of the series approximation to the

averaging operator. In practice this means generating the free space Greens Function

response for the system for each of the N source positions from the deteetor. then taking

the average of the N responses as the theoretical pyroelecoic signal. The second

approach is to use the method of Power and write the photopyroelectric response as a

difference of errer functioJ'.lS [1]. In this thesis wc develop the inversion using the free

space Greens Function ~te series approximation and then compare it to the errer

solution for completeness.

(i) the free space Greens Function spatial average

The general expression of the average temperature measured over a thickness d be!Ween

xlandx2is:
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[6-1) 1 l"< ~T(t) >= - - ~T(x.t)d." d=x,-xl

d '1 -

•

For equal spatial increments this is approximated by:

Equivalently equation 6-2 cao be wrincn as 6-3.

Discretization of ~T(x,t)was seen in the previous chapœr as:
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,
-(x-i&x)-

4a1 q(Xi)~i

Finally 10 obtain the spatial average of the pyroelecttic we substituting equation 6-4 inlo

6-3 tO obtain 6-5.

Here D is the integer correspondîng to the desired resolution of the series approximation

to the continuous integral of equation 6-1. This is equivalent 10 writing the Cree space

Greens function for D different observation positions in the pyroelecttic and taking the

average response. The average temperature response of the pyroelecttic can then be

written as the produet of the spatially averaged free space Greens function,G and the

source vector.

[6-6) {ÂT(t)}=Gq
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• (ii) the elecnical convolution operation

A technique for measuremem of the elecIronic impulse response is described in chapter

2. For each filter setting the electrOnic impulse response was measured and saved as a

256 point array. the same form in which the pyroelecnic response was saved. A typical

elecnical impulse response of a 9j.Ut1 PVDF film and filters for a 2.500 Hz AM-PM

spectrOmetry sweep is illustrated in Fig. 6-1.

To recover the thermal flux profile from the experimental trace. the photothermal

impulse response can be dcconvoluted from the elecnical response to give the spatially

averaged thermal response of the dctector. or. the theoretical signals can be convolured

with the elecnical response for comparison with the experimental response.

The convolution filrer for the recordcd voltage response is written as v(t)=he .. <àT>

where .. is the convolution operation and he is the elecnical impulse response of the

filters. In matrix form the result is calculated as:

V(tl> hel 0 (AT(tl»

v(t2> be2 bel (AT(tû)

v(t3> be3 he2 bel (AT(t3»

[6-8) =

• hel

v(tn> ben be(n-ll be(n-2) . . he2 hel (AT(In»
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Here v(t)=( v(tt).v(tZ)•...• v(tN)} is the measured impulse photothermal voltage

response at specific times after excitation and he=(he l.heZ.he3•...hen} is the time array

of the elecoical impulse response at the same time pointS as the sample. The spatially

averaged, elecoically convoluted Greens Function. wrinen as H. can now be invened tO

obtain the source profile according tO equation 6-9.

[6-9] q(x)=H-l*v(t)

The columns of a Greens Function maoix accounting for the spatial averaging of the

pyroelecoic sensor are shown in Fig. 6-2. The same columns of the maoix after

accounting for the electrOnic filtering in the instrument; H, are illustrated in Fig. 6-3.

Note that the carly rimes of the electrOnically filtered impulse responses are less similar

than the unfiltered carly rimes; however, the long rimes al! converge to the same trends.

This suggestS the thermal sources located ncar the deteetor surface can be resolved at

carly rimes while sources at the top of the sample, away from the detector, will be

difficult to resolve at long rimes.

Analysis of the thermally continuous inverse model for PPES detection

ResuitS of inversions using the Greens function as developed in the previous chapter

were not applicable in practice due to the assumption of the SatDple being thermally

homogeneous with itS environment. In practiee. thermal waves generated in the

thermal!y continuous SatDple have an incident component that aavels from the source to

the pyroelecoic and a second component which aavels through the SatDple to the air
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interface where it is almost totally reflected back towards the detector. An illustration of

the thermal waves is presented in Fig. 6-4. The incident component (i) is accounted for

in the free space Greens Function but the second component of the thermal wave arrives

later and is not accounted for in a thermally continuous mode!.

The solution to this problem requiIes that either the sample geometry in the theoretical

model be redefined or a new Greens Function be derived to account for the thermal

reflection off the air/sample interface. Altering the theoretical model space simply

requires that the sample space be made twice as thick as the real sample. The inversion

will place incident thermal waves in the bottom half of the sample space closest to the

deteetor and the reflected component will show up in the top half of the sample with the

geometry of the sources inverted with respect to the bonom half of the sample space

(Fig. 6-Sa).

For photopyroelectric effect .)lCCuoscopy the modified Greens function can be anained

from the theory of Power using the equation to study clear coats on strOngly absorbing

surfaces [1] (Fig.6-Sb). Assuming'1lo other thermal reflections in the sample other than

al the air sample interface one can write

where 1 is the sample thickness. x is the position in the smple where the source is

generated and d is the pyroelectric thiclrness. The observed photathermal signal is

attributed ta the difference in the thermal response across the pyroelectric deteclOi. The

186



•

•

first twO rerms account for the incident thermal waves being launched from point x in the

sample and reaching the front and rear surfaces of the detector. The last twO terms

account for the thermal waves which travel from point x up tO the air sample interface

then back down to the front and rear surface of the detector.

By dividing the sample into N layers and WIÏting the equation for caeh layer,(xil, one can

reconslrUct the spatially averaged I-D heat conduction solution for G with one thermal

reflection at the sample/air interface.

The second approach is inherently the more accurate inversion as the model must

correctly position the sources to match both the incident and refleeted terms

simultaneously. However, we have found this approach to he sensitive to small errors in

the measUIed thermal properties and sample thickness. This is due to the model's attempt

to fit both carly and !ate portions of the impulse response with the same source profile.

In rerms of the model space, the incident thermal waves are weil resolved but the

reflected terms are delayed and recovery of precise source profile is difficult. However,

contributions from both the incident and refleeted terms of the thermal waves are

weighted equally in recovering the source profile.

The first approach, modeling the sample twice as thick as measUIed with the

conventional I-D Greens Funetion, proved to he less sensitive to small errors in

measUIement. The carly rimes of the impulse response are mode1ed strictly by the

incident thermal waves and the thermal refleetions arriving at later rimes are recovered

from sources in the top half of the sample space. This pennits the exact analysis of DOW

much the thermal refleetions contribute to the photothermal signal. In interpreting the

data the refleeted components do not have to he weighted equally to the incident source
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profiles. This reduces possible errors due to truncation of the impulse response before

the final thermal reflections have passed through the pyroclectric.

A slUdy to determine the resolving power of the NNLS inversion using photopyroclectric

signals is presented in Figures 6-6 to 6·8. Samples of various thicknesses were divided

up into 32 equally spaces layers and the ability of the technique to resolve !wo

neighoring fcalUres was examined. Initially one would expect that the technique could

resolve any features using 32 bins based on the fact that the forward modeling of optical

polymers done in chapter 2 was achieved using ooly 10 bins. However. there are

distinct differences between forward modeling and inverse modeling of phototherrnal

signais !hat make inverse modeling significantly more difficult. First. in forward

modeling the optical profile of the sample was known in advance so \hat the bins in the

model space can he adjusted to account for the optical profile. An illustration of this is in

Fig. 6-6. The hypothetical sample consists four layers 0:1. a PVDF fùm (Fig. 6-6a). The

laminate structure bas three absorbing layer (mcluding the PVDF) interspersed with clear

layers. In the forward mode! the sample is physically measured and six bins of unequal

size are used to descrihe the sample (Fig. 6-6b). Fits hetween theory and experiment

require slight adjustment of the exact laye:: thickness but nothing else. Exact li values

obtained from an optical absorption spectrometer are p1acl.:d inta the model to account for

the sources in each absorbing layer.

In inverse modeling no optical properties are assumed to be known about the sample.

The best we can do is divide the sample up inta 32 equal layers and let the inversion

algorithm use the photothermal impulse response to place the optical features in the

correct bins. However, while the NNLS inversion routine may obtain the "best"

estimation of the source profile in the sample. it may never he able to recover the exact

profile in the sample. This is best explained by re-examiniog Fig. 6-6. The total sample
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thickness is measured 10 be 96~. The 32 bins in the inverse model give the inversion

spatial resolution of 3!Ull. When the model tries 10 reconslrUct the sample from the 10p

down il can never get the exact spacing of the optical prome correctly. Thus the 10p

opticallayer can never be fit to 28~ from the top, only 27~ or 30 ~m. In addition,

the nature of discrelization process used in this inversion places all the energy distributed

in each bin in a weighted de!ta function at the top of the bin. Thus a 2.5~ continuous

layer will be modeled as an extremely thin source layer up to 3~ away from its correct

position. Our forward mode! did not discretize the mode! in the same manner and

pertDitted adjustmenl of bin position and bin thickness ta agree with known (measured)

properties; but the inverse mode! is much more rigid. Thus the best basis available to

describe a sample may still be a poor basis. Significantly higher spatial resolution along

with longer computation limes are required to combat this problem.

The effeet of eleetronic filtering on the ability !:1 >!le tr.;Chnique ta resolve thermal

retlections is examined in Fig. 6-7. The columns of a spatially averaged e!eetrica1ly

convoluted Greens Function is plotted in Fig. 6-7a. The sample and inversion was

characterized by the following properties: 1=100 ~. a=l.Oxlo-7 m2/s. dx=3.125 J.lII1,

and dt=-.a.2 ms. This thickness values was chosen so that a sample 50 J.lII1 could be

Sb.Jdied and the entire thermal record including retlections could be recovered. To

illustr.Ue the effect e!ectronic IDterïng bas on the ability ot the technique ta resolve

thermal sources the e!eenical impulse response of a 2500 Hz sweep was convoluted with

the thermal signal. In practice one might choose a narrower specttal sweep width if

inadequate depth resolution was obtained. but the effects of filtering would still have ta

be considered.

The three columns of the Greens function corresponding ta the three sources furthest

away from the deteetor are plotted after being nonnaIjzed in Fig. 6-Th. The mode! shows
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that sources at 100 Ilm. 96.875 Ilm and 93.75 Ilm can all he separated. However their

maximum absolute values are less than 0.00875 of the earliest signal and they are

separated by less than 0.001 absolute difference. Thus within the experimental limits of

1% noise not only could these sources not he resolved. they cannot he seen. One might

expect that low levels of noise on the signal can he mîsinterpreted as a source by the

model making it place or source that is not there in practice. However. results from

chapter 5 showed that with enough averaging of the inversion Gaussian noise levels up to

5% on the photo:hennal signal nonetheless does not corrupt the recovered optical prome.

The same sample modeled as only 50 Ilffi (i.e. no reflections) will have an inverted

optical prome with a spatial resolution of ca. 1.5 Ilffi. Fig. 6-8 shows the resolving

power of the model The largest response (solid) is always the source closest to the

deteetor. The shallowest response (dashed) is always the thennal contribution from the

source located 50 Ilffi from the deteetor at the top of the sample. The doned line

represents the thermal contribution from a source elsewbere in the mm. The absolute

values are plotted on a nonnalized scale so that the relative magnitudes of the

contributions can he easily visualized. The thermal contribution from a source 48.5 ~m

from the deteetor is separated by only 0.1% from the 50~ source (Fig. 6-Sa). 'Ibus the

two sources will not he resolvable witbin an experimental error of 1%. The tbennal

contribution from a source 42 Ilffi from the deteetor (Fig. 6-8b) is resolved by a 1.7%

difference and can just be distinguisbed with experimental error. Asource located 3S~

from the deteetor or 15~ from the farthest source is still only separated by a maximum

distance of0.047 units (Fig. 6-8c). Thus an the sources in the top one third of the sample

will be separated by less !han 5% of the maximum signal recorded from the pyroelectric

deteetor•
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This suggests that the inversion should be modeled using the conventional Green's

Function with the model sample thickness set to twice the measured thickness. However.

data interpretation should be restricted to sources in the bonom half of the model space.

Using the error function approach reflections the weak long time signals are weighted

with equal value as the strong early time signals in assessing the position and intensity of

sources with in the sample.
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Effect of small systematic errors

As mentioned at the end of chapter 5 systematic errors will contribute the gn::ltest source

of errors in the inversion procedure. Aside from factors such as poor eltperimental

technique there are a number of syscematic errors that can contribute to difficulties in

inverting the photothermal signals. Factors that are key tO our eltperiments include small

DC offsets in the photothermal signal or electrical impulse response and errors in

measuring the thermal thickness of the sample.

The effects of very small DC offsets are shown in Fig. 6-9. A theoretical impulse

response for a 50 pm sample (a=lx10-7 m2/s) on 9 pm PVDF with a triangular source

profile was calculated. The theoretical signal was electrically convoluted with the

transfer function shown in Fig. 6-1 te give the theoretical impulse response plotted in

Fig. 6-9b. Inversion of the impulse response was attempted with small OC offsets added

to electrical impulse response te determine the effect on the recovered source profile. A

OC offset of only 0.1% of the electrical impulse response maximum value was found to

cause a significant distortion of the recovered profile. The recovered profile is shown in

Fig. 6-9a as trace (1). A 0.5% OC offset added te the electrical response prier to

inversion of the impulse response recovered the source profile marked trace (2). A 1.0%

OC offset resulted in the source profile marked trace (3) being recovered. When these

source profiles were put inte the forward model the impulse responses shown in Fig.6-9b

were obtained. This suggestS that accuraœ inversion requires very accuraœ

characterization of the electrical filtering used in the experiment. The shift and integrate

natuIe of the convolution means that a small OC offset errer can translate inte a large

errer in the generation of the impulse response. The fact that the electrical response
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nceds to be known to such high precision suggeslS that experimental protocols have to be

designed to acquire the transfer function to better than 0.1 %.

It is expected that electronic fùter effeclS will also be a problem in frequency domain

photothermal measuremenlS where the observed phase is the sum of the phase of the

photothermal signal plus an instrumental phase offset

0000 = 0 photothermal + 0instrument

The instrumental phase offset will need to accurate1y measured at each frequency to

recover the true photothermal phase before inversion cao he applied.

The effeclS of 2% and 4% error in thickness measurement for three theoretical source

profiles are presented in Figures 6-10 to 6-12. Unlike the thickness studies in chapter 5

these measurements account for the integrating nature of pyroelectric sensor. For each

source profile the true sample thickness is 50 pm with a=l.Oxlo-7 m2/s. Inversions

were made using the NNLS inversion routine for thicknesses of 48, 49, 51 and 52 pm.

G[128,32] was seeded with 0.1% noise and the results presented are the average of 100

inversions (dt=O.5 ms, dx=l.5 pm).

Inversion of the linear source profùe recovered accurate qualitative trends for errors in

thickness up to 4% (Fig. 6-10). The samples that were measured too thick recovered

profiles that had 100 much thermal energy and samples that were 100 thin had source

profiles that fell below the true source. The impulse responses obtained by forward

modeling the recovered source profiles (Fig.6-10b) show deviations in the signal at long

limes. Impulse responses from the samples measured 100 thick tail off 100 quickly while
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impulse responses from the samples too thin lail off too slowly. The same study for a

triangular source profile is presented in Fig. 6-11. The inversions all recover a source

profIle that closely approximates the pseudoinverse profIle oblained in chapter S. The

effeclS of errors in thickness show no clear trend in the recovered profiles; however. the

impulse responses obtained by forward modeling the recovered source profile show the

same trends as the responses from the linear sources. The source profIle recovered from

measuring the sample too thick generates a response that tails off too quickly and the

samples measured too thin generate impulse responses !hat tail off too slowly. A third

smdy using a Step function is presented in Fig. 6-12. Estimating the sample thickness too

large resulted in the inversion overshooting the step function and recovering a profIle !hat

was similar to a Chebychev low pass filter response. Samples that were measured too

thin had a harder lime deteeting the exact location of the step function and recovered a

smoother 's' profile. The lime domain signals generated by forward modeling the

recovered profiles showed the same trends that were recovered in the other inversions.

The samples measured too thick tailed off too quickly while the samples measured too

thin tailed off too slowly. AIl this leads to the conclusion that errors up to 4% in sample

thickness measurement, or more specifically errors in 7,; up to 4%, will recover source

profiles qualitatively. If thennal thickness measurement is thought to be a source of the

error then it can be deteeted in the trends of the forward modeled impulse respoose.

Thus small corrections of the sample thickness will be seen to improve the fit between

theory and experiment.
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Converting thermal Box profiles to opticaI absorption profiles

To recover the optical absorption profile from the thermal flux profile a sample of

thickness 1 is divided into N layers. For clarity in this example the layers are equally

spaced with thickness (a) although in practice this is not necessary. The relationslùp

between light absorption and thermal flux in a single layer has been weil established and

is proportional to the light entering the layer (li-I)' and the optical absorption coefficient

in the layer (~) according to equation 6-11.

N 1
[6-11] Q(x) = I,liiIi_1e-llia + IN R I,liiIi_1e-llia

i=l i=N

The first tenn accounts for the first pass of light through the sample until it strilœs the

pyroelectric. The second term accounts for the light that is reflected off the detector

surface back through sample out the top of the film. The pyroelectric reflectivity (R) and

the light transmitted through the sample (lN) need to be accounted for in the equation.
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• This can be wriuen in matrix fonn as equation 6·12.

[~12J :: = ox{-.: :

q(i) = (1(i_1)

~ ~1 J.*exp[-a ~ ~ ~ ~1 J.*[~i]
o ~ i _ 0 0 1 ~i ~i

~ )

1 ~i 1 0
1 .•*exp 0 1

o ~j 0 0

o ~i ~1

o . .* .
1 ~j ~i

R I(i-l) e-~i ~)

•

Here •• refers ta clement by clement multiplication of the matrix coefficients rather than

true matrix multiplication. The source profile. q(x). the optical ttansmission of the

sample (IN) and the reflectivity (R) of the pyroelectric are aIl input ta the equation. The

equation can then solve for all l3<i) using a simplex routine with the source profIle as a

first estimate of the optical profIle. This works weIl for simple models but as the number

of layers grows above 5 the simplex can not recover I3<x) accurately as eacb ~(i) bas bath

a linear and an exponential dependence in equation 6-12. If one ignores the optical

transmission term the reccvered I3<x) profIle will follow q(x) as the~ term dominates the

expression and an inconect result will be obtained.
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To simplify the problem one can assume the reflected light off the pyroelecuic is

minima! and the equation can be simplified to a form similar to that presented by

Afromowitz et a! [2].

Î-l

N - L,Pjlj
[6-13] q(i)= dx L,~ie j-o

i=O

The Iight transmission profùe in the sample can be reconstructed from equation 6-14 and

the opticaI profùe then recovered from 6-15.

[6-14] T(X)=I-~ûY{I-T(I»

[6-15] ~(x) = -i-ln( 'WiY)

Here q(1) is the integrated value of the source profùe across the total sample thickness

and q(x) is the source profùe integrated from x=O to x=Xi. Similarly T(1) is the optical

transmission of the sample as measured from the spectropbotomettic measurement and

T(xi) is the Iigbt transmission profùe obtained from (6-14).

The emlrs introduced by the simplifying the thermal flux expression are illustrated in the

~ recovery of some theoretical profùes. The sample presented in Fig. 6-13 bas 3 optical

layers. The top is a 5 lIJI1 clear non-absorbing layer, the second is a 50 lIJI1 opticalIy

bomogeneous layer with a ~ value wbicb changes with wave1ength of excitation and the

197



•

•

botlom 5 llm layer is clear and non-absorbing. The laminate SilS on a 9 llm thick PVDF

sensor. The sample geometry and the ~ values were input into equation 6-11 and the flux

profile was calculated. The flux profile was then normalized are in our experimenlS to

give an intensity profile with arbitrary unilS. The optical transmission of the sample T(l)

was calculated from Beer's Law and equations 6-14 and 6-15 were used to reconstruct the

optical profIle ~(x) of the sample.

For a ~ of l.Oxl04 60.65% of the light is transmitted tbrough the sample in a single pass

before striking the pyroelectric and being reflected back upwards. The corresponding

source profile (Fig. 6-14a) is almost a box shape as heat is distributed unüormly in the

sarnple. The dotted line represents heat deposited in the fùm after a single pass and no

reflection off the pyroelectric surface. Note!hat the largest amount of error in

simplification of the source profile occurs closest to the deteetor surface. The optical

transmission profile recovered from equation 6-14 is almost linear (Fig. 6-14b) and the

recovered !J(x) profile bas a magnitude that is slightly greater !han the ttue optical

profile. The dashed line is the true optical profIle and the solid is the recovered profile.

To account for the extra heat energy deposited in the sample from the light reflections off

the deteetor the model assumes an increased local Il value. As a result the optical profile

is seen to slope upwards to the detector surface. The results are still qualitatively correct

For a Il value of l.OxloS (Fig 6-15) the optical transmission through the film is 0.67%.

Thus almost aIl the ligbt is absorbed in the film and almost no light is refleeted off the

deteetor surface. The source profile (Fig. 6-15a) shows !ha! almost no energy is

deposited in the final 3 llJD of the absorbing region of the laminate. The optical

transmission profile is an exponential curve (Fig. 6-1Sb) tbat resembles the source

profile. The recovered optical profile is fIat up to the final 10 llJD of the absorbing

region where it "blows up" in values exponentially (Fig. 6-15c). The rapid rise in Il
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suggcsts that the aIgorithm is sensitive to the relative errors in light deposition introduced

during the derivation of the modeI. The absolute Iight level has been attenuated to less

than 1% of the maximum, but by ignoring the smaIl reflection contributions aImost 30%

of the energy deposited in that region is lost If one recognizes this type of distortion can

exist the aIgorithm will recover accurate profiles in the top 40 J.IID of the sarnple.

For a ~ vaIue of lx106 (Fig. 6-16) no Iight effectively reaches the back of the sarnple

(T(1)=l.OxlO-22). The source profile in the fùm is a sharp absorbing region at the front

surface (Fig. 6-16a). The transmission profIle aIso drops off sharply al the front surface

(Fig. 6-16b). This shows that aImost no light passes through the fiI'St 5 J.I.Ill of the

absorbing region. The recovered opticaI profile is able to obtain ~(x) up to 43 J.I.Ill from

the top surface due to the fact that the caIculations are done in double precision reaI

which have 4 bytes ofcomputer resolutïon.

Results of the theoreticaI tests show that the recovered photothermal flux profiles can be

converted to ~ profiles with a high degree ofaccuracy.
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Experiment and ResuUs

A study to apply the inversion technique to real photothermal impulse responscs was set

up by measuring the photothermal impulse response of various optica1 polymer films and

laminates and then recovering their optical profiles using the NNLS inversion routinc.

Optica1 profiles were consuucted using colored Mylar fùms and Kodak Wratten Gel edge

fùters epoxied together with optica1 epoxy as done in chapter 2 of this thesis.

Thicknesses of the laminates ranged from 30 !lm to i 75 !lm. The photopyroelectric

impulse response for each optica1 polymer was measured with about 1% noise and the

response electrica11y deconvoluted to remove the dependency on fùtering. Inversions

were made seeding G[128,32] with 0.1% Gaussian noise. the thermal diffusivity was

taken to be l.oe-7m2/s [1] and the results presented are the results of 100 averages. The

PVDF diffusivity is known to be 0.8xlO-7m2/s. This was accounted for in the thermally

continuous model by increasing the deteeter thickness to 10 J.lIll in the model so that the

thennal transit lime tbrough the pyroelectric would be correct.

Single discrete sources located at the top of the samp1e are easily recovered using NNLS.

Samp1es were consuucted with a 2.5 J.lIll absorbing layer at the surface of the film and

clear spacers of 32, 60 and 80 !lm 1engths were inserted between the sample and

pyroelectric. The geometry is illustrated in Fig. 6-17. The data were modeled with the

'.:':ln...entionai -Green's Function and a mode1 thickness of 100 !lm was always supplied.

This aIlowed us te see if any thermal reflections were present in the sample and if the

model attempted to fit the temperature profùe with multiple sources. Results of the

recovered profiles are presented in Fig. 6-18. NNLS inversions recovered the correct

position of the discrete source te within the errer of the bin spacing. For the sample with

a 32 J.lIll clear spacer the model placed a single source 35 J.lIll from the deteetor. For the
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sample with a 60 J.IIll clear spacer the model recovered the source position at 61 Ilm from

the dctector. and for the 80 lIm clear spacer the model fit the source to be about 78 Ilm

from the detector surface. The inversion of the sample with a source 80 Ilm from the

deteetor recovered a second source at the top of the model space as illustrated in Fig. 6·

18. Since the model is fit with 32 sources the spatial resolution is 3.125 Ilm per bin.

Thus the small error in placing the sources correctly is due to the fact that the basis is not

properly defmed for the modeL The time domain fits for these recovered sources are

presented in Fig. 6-19. The source 32 Ilm away from the detector and the theoretical

profiles have rising edges that match weIl hut are off in their tai1s. This could be

attributed to the fact that the inversion cannot accurately model a 2.5 pm source as a

delta fonction so close to the pyroelectric without distorting the time profile. Work in

chapter 2 showed that the frequency domain signais could resolve differences in

absorption profiles with sub micron resolution. It is expected that the time domain signal

can too. This interpretation is supported by the fact that the source 61 pm away from the

detector will generate a time domain fit belWeen theory and experiment that agrees

within 1%. The 2.5 pm absorbing layer now resembles more of a delta fonction and a

correctly placed source will aecurately recover the profile. The small errer in the rising

portion of the response suggests that there is still a small errer in the basis and the bins of

the model do not exactly line up with the exact position of the source. The fit of the

sample 80 pm from the detector is not as good as the 60 pm fil It is noted that the error

seems ta be equally distributed over the entire impulse response record. Thus we cannot

say that the fit is good at early times and not at late or visa versa. It is noted that the

inversion of this impulse response recovered two sources, one at the 80 pm position and

another at the top of the sample. This suggests that there may be a thermal reflection at

one of the interfaces of the laminate that is effecting the impulse response. This

illustrates the fact that when the recovered optical profile begins to deviate from the true

optical profile there will be a corresponding difference in the fit between theory and
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experimental impulse responses. The NNLS inversion will not recover source prome

that exactly models the true source profile without obtaining a highly precise match

between the experimental and theoretical temperature responses.

Continuous profiles were also qualitatively recovered with the NNLS inversion routine.

Samples were fit by generating the Greens Function in equation 6-10 to account for the

thermal reflections off the top surface. Inversions were seeded with 0.5% Gaussian noise

and the results are the average of 100 inversions. Kodak Wratten edge filters give

different continuous absorption profiles that are wavelength dependent and as a result

provide a good measure of the inversion's ability to resolve differences in optical

absorption coefficients. A 100 /lm wratten gel was attached to the pyroelectric and the

optical absorption proflle was recovered. The source proflle for a strongly absorbing

sample is shown in Fig. 6-20. As the absorptivity of the sample decreases more light can

penetrate the sample further (Fig.6-20a). The recovered optical profiles (Fig 6-20b)

obtained using equation 6-15 show tha~ the optical absorptivities can indeed be

recovered. For the most strongly absorbing sample (\3=2.0xl04 m-1) the source profile is

distributed in the first 32 Ilffi of the sample. As a result the technique can ooly recover

the optical proflle 32 /lm into the sample. The ~(x) profile is shown ta be relatively

uniform to the cut off point wbere it drops off due ta a lack of signal presumably. The

recovered source profile obtained at 15=1.7xl()4 extends further inta the sample and the

optical proflle for l5=5.3xl03·m-1 extends further yet as would be expected. It is noted

that the recovered ~ values appear ta be a factor of 2 ta 3 times greater !han the true

values. An expIanation eludes us at this point. Results for samples with a small light

absorption coefficient are shown in Fig. 6-21. The photothermal signal is dominated by

light striking the pyroelectric. Inversion results suggest that optical absorption

coefficients of 15=750 m-1 were not deteetable in the photatherma1 signal. Only the

pyroeleetric source was recovered. The signal from P=950 m-1 shows up as a small
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source at the top of the sample and the ~1.6x103 mol is a larger source. It is of interest

to note that once the light starts to reach the back of the sample and strike the

pyroelectric the position of the recovered source prome corresponding to the pyroelectric

seems to change. The fact that the optical profile corresponding to the polymer appears

so small is strictly a function of the inability of the graphics to resolve the large thermal

source of the pyroelectric and the small sources generated in a weakly absorbing sample.

The time domain fits between theory and experiment for a strongly absorbing sample and

a weakIy absorbing sample are shown in Fig. 6-22. The fit in Fig 6-22a is for a sample

with a p:.9S0 mol and fits only qualitatively. The fit for the a sample with a P=1.7xl04

mol in Fig. 6-22b also does not fit perfectly. It is noted that in this case improving the

resolution of the inversion by a factor of 2 did heIp improve the fit. This suggests that

the discrete binning of 32 sources does not accurate1y describe a continuous profile.

Increasing the bin number increases the spatial resolution and thus improves the fit

between theory and experiment. However the trade offin going from a 128x32 matrix 10

a 128x64 matrix is significantly increased computation lime.

Multiple discrete sources proved 10 be difficuIt for the inversion routine. A two layer

source as illustrated in Fig. 6-23 was construeted with a red absorbing layer on top and a

green absorbing layer on the bottom. By tuning through the wavelengths of absorption

we were hoping 10 be able 10 recover the relative source contributions at each

waveIength. ResuIts recovered the faet that there were two discrete sources present, but

the inversion placed the sources at different positions at different wavelengths of

excitation and the lime domain impulse responses did not match at aIl. This suggests that

the basis for this problem is difficuIt 10 choose properly using 32 sources. The inversion

routine needs 10 account for the green layer, the red layer and the pyroelectric absorption

as weIl as all thermal reflections off the front surface. ResuIts are summarized in Fig. 6­

24.
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Fig. 6-4 Illustration of a plane source in a polymer film
generating thermal waves. The incident component (i)
travels directly towards the pyroelectric while a second
component (ii) travels up to the airlsample interface where
it is almost totally reflected back down towards the
pyroelectric due to the poor thermal mismatch between the
polymer and air•
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too low.
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of the optical absorption profile, B(x), from the
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Fiq 6-14 (c). The recovered optical absorption profile,
B(x), from the optical transmission profile in (b). The
dashed line is the true optical profile and t~e solid i5
the recovered profile.
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Fiq. 6-17 A schematic of the qeometry used to create
laminates with a sinqle discrete source. The
nonabsorbinq spacer layer thickness is adjusted in each
sample. Samples were prepared vith x=31 ~m, x= 60 ~m and
~ 80 ~ (± 1 ~m) •
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Fiq. 6-20 (a) Recovered source profiles for a wratten
qel edqe filter excited at wavelenqths thery the optical
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(b) The calculated optical absorption profiles for the
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Fig. 6-22 (a) Time domain fit between theory (solid) and
experiment (dashed) for the wratten gel impulse response
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Fiq. 6-24 (a) A recovered source profile from the
multilayer sample. The inversion recovers the fact that
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Chapter7:

Photothennal imaging of dehydrochlorination in polyvinyl chIoride films.

20S



• Introduction:

Accelerated weathering of polymer films to determine long term resistance to

degradation has been studied in almost every major polymer [1]. Photodegradation of

PVC is one of the most widely studied degradation cycles reported in the literature. The

inexpensive production of PVC and subsequent widespread use make it necessary to

develop stabilizers. plasticizers. and radical scavengers so that products developed will be

stable over time. Long term weathering studies require that samples be periodically

studied using non-destructive techniques to record trends in degradation. Conventional

spectroscopie tools cao reeover surface or bulk changes but provide liUle information on

how the degradation spreads with tîme. Accelerated weathering reduces the amount of

time required to weather a sample making destructive analysis less eostly. However.

many agree that polymers do not degrade by the same mechanisms natura11y and in

weatherometers.

Presently. a wide range of spectroscopie tools are being used to evaluate the degradation

profiles. Am and IR studies [2] have been used to examine surface verse bulk optical

properties of polymer films; however. the techniques are not capable of recovering

aceurate depth profiles of funetional groups without destroying the sample. Initial

profiles of polyenes and carbonyls have been obtained by microtoming sequentiallayers

from the surface of the polymer and studying their spectra using conventional optical

teehniques[3-13]. Typically microtomes of the order of 15-30 IJIIl thickness have been

required te get measurable light absorption. Subsequently. there bas been fairly poor

depth profiling information in thin polymer films.

A Raman microscope bas been used te profile polyene sequences in microtomed PVC

• samples along the degradation axis [14]. The Raman microscope shifted a 100 IJIIl laser

beam 10 IJIIl al a lime to obtain a box car like average of the optical profile. Raman

fedJniques require relatively high laser powers that tend te damage the polymer while the
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mcasurcmcnt is being made. As a result one cao not be totally certain that the

dcgradation profile that has been recorded was not cnhanced by the degradation inflicted

by the laser.

Optical light microscopy of microtomed slices provides a technique for examining

broadband absorption by polymer films. However. thin (4I1m) slices do not absorb

sufficiently for single wavelength smdies and thicker cross sections suffer from confocaI

distortions at the image plane. In addition it is extremely difficult te microtome large

samples and as 5Och. optical micrographs are limited to examining small regions of the

polymer that have been cut out and then microtomed. Fluorescent images of conjugated

sequences are not quantitative. require a highly fluorescing medium and are prone to

distortion due te scattering.

It appears that there is a strong need for a simple. reliable. non-destructive imaging

technique to profile optical features in po1ymer films. Along with applications te

degradation smdies the technique would be applicable te studies of mo1ecular diffusion

in po1ymers and doping of po1ymer films. As discussed in the introduction of the thesis,

photothermal analysis of po1ymers bas becn expanding rapid1y with applications in the

study of thermal anisotropy of po1ymers [15]. adhesion [161. fiber orientation in

reinforced po1ymer mats [17]. temperature dependent thermal diffusivity studies [18].

and characterization of thin films generated by spin coating techniques [19].

Present photeacoustic studies of optica1 po1ymers have ooly been able te differentiate

between surface and bulk po1ymer properties ofpo1ymer films and have not provided any

depth profiling information [20-22]. However. recent advances in the understanding of

the photetherma1 signaIs bas 1ead te the ability te recover the depth dependent optical and

thermal properties of a po1ymer film with a high degree of accuracy in a nondesttuctive

manner.
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Power was the first to show that optical profiles can be obtained quantitatively in

polymer samples [23]. Power [24] then Prystay [chapter 2] quantitatively recovered

optical profiles from colored Mylar laminates and Kodak wratten gel edge fùters using

lime domain and frequency domain photopyroelectric techniques. In this work the

photodegradation profiles generated by the dehydrochlorination of PVC will be imaged

nondestructively by photopyroelectric spectroscopy. Photothermal tomograms of the

degraded samples provide 3-D images of light absorbing fcatures in the polymer filins.

Depth dependent thermal flux profùes and optical absorption profùes (B) recovered using

the inversion techniques reported in chapter 5 and 6 then provide high resolution profiles

of the degradation patterns in PVc.

It is the intention of this chapter to introduce photothermal spectroscopy as a

nondesttuetive tool for evaluating the weathering and degradation of polymer films, in

specific, we have chosen PVC. High light fluxes were chosen to provide samples for

analysis quicldy, cleanly and in a fairly reproducible manner. The exact degradation

profùes may not be reproducible each lime but the trends are. It is not expected that the

work will add any new information to the alreadyextensive volume of literature on PVC

degradation but the results obtained by photothermal analysis cao be compared to the

work done previously thereby establisbing the technique as a reliable characterization

tool for polymer science.

To evaluate the capabilities of photothermal methods we needed samples with a depth

dependent 8 and lX a means of identifying where the photothermal signal is dominated by

the sample's optical profùe and where changes in the thermal properties of the sample

exisL The inversion routine developed in chapter 5 cao be applied ooly to samples that

are thermally homogeneous. We also needed some means of verifying the results of the
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inversion and some precedent for the results we obtain. pve is a weil suited candidate

for such a study as dehydrochlorination (non-oxidative degradation) creates conjugated

double bond sequences that are known to change profile depending on degradation

conditions. Secondly. they absorb light in the near UV and visible wavelengths allowing

inspection with light sources available in our labo The double bond structures grow in a

dynamic fashion giving absorption profiles that are wavelength dependent In addition.

the resuIts can be checked by light microscopy and fluorescence microscopy. scanning

transmission electron microscopy can be used to map chlorine, and profiles can be

compared to literature values.

Unlike previous work on the photodegradation of pve. this work examines the

degradation of solid phase pve films (10-90 11ID) under high optical flux. Here

photointiated degradation generates significant heating in the film creating a large

temperature gradient between the point where degradation is initiated in the center of

film and the cool outside edge of the film. As a resuIt thermal degradation mechanisms

compete with the photodegradation process al some points while other regions are

degraded solely by the photo related processes. This creates a number of different

chemical structures al the molecuIar level which gives the pve films interesting optical

properties including a strong birefringence. The photodegradation geometry is illustrated

in Fig. 7-1.

In this study we are not concemed about the absolute light flux levels. the specific

spectral distribution of the light source. the uniformity of the degradation or the exact

mechanism of degradation in the films. lhere are 100 many variables that need to be

controlled: temperature. oxygen pressure. nitrogen pressure, HCl content in the films,

mechanism ofPVe polymerization and effects of molecuIar weight distributions 10 name

a few. The wode is designed to show application ofphotothermal techniques and 10 show
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where photothennal imaging can be used ,0 non-destrucüvely characlerize polymeric

materials.

Materials and Methods

High molecular weight pve (MW>lOO,OOO) was obtained from Aldrich chemicals.

Stabilizers and impurities were removed by dissolving the pve in dry THF and

precipitating it from methanol three limes. Oear colorless pve films were prepared by

casting 1-4% pve in tetrahydrofuran solutions in two inch diameter casting rings. The

films were covered and dried at room temperature and pressure for 3 days, released from

the glass and oyen dried at 50 OC under house vacuum for 30 days. Films were 10 Ilm ta

90 JIID. ( ±l JIID.) thick as measured with a micrometer.

To photodegrade the pve the dried films were suspended in air two feet from a Xenon

Arc Lamp (Oriel eorp.) operated at 700 Watts. A water cell with quartz windows was

placed between the lamp and sample ta filter out infra red (IR) radiation. The source was

directed onta the sample and the central region of uniform thickness was illuminated.

However, because the source was not collimated there was a bright spot at the center of

the beam where the image of the arc was projected. This tended ta coincide with the

point where degradation was initiated.

The onset of degradation, as measured by appearance of polyene bands in the visible,

occurred within 5-8 minutes and the sample would be completely degraded (black)

within another 15 seconds. The rapid degradation under bigh intenSity Iigbt had the

effect oflocaJizing the formation of polyenes ta a small area for imaging.
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Phototherrnal imaging is described in detail in the instrumentation section. MetaIization

of the films was achieved by magnetic sputtering techniques at the DepL of Physics at

McGill University. Light micrographs of the spot degradation were obtained on a Zeiss

light microscope. Cross sections were prepared by setting the sample in an Epon 812

resin matrix (lB. EM MontreaI, Canada) at 60 OC and eut to 4 pm with a Reichert

Ultraeut (Austria) microtome. The 100 pm cross sections were set in the microtome and

cut with a sharp razor blade. The distribution of chlorine in the films was detertnined

with a Jeol JSM-840A scanning e1ectron microscope (peabody MA) using a 5 kV

acœlerating voltage and a Tracor Northern energy dispersive x-ray detector. The x-rays

were determined to penetrate the film about 1 J1IIl as determined by a generic software

algorithm. The pyroeIectric sensor is 9 J1IIl PVOF (Atochem. King of Prussia. PA). The

samples were attaehed using Epo Tek 302-3 opticaI epoxy (Epoxy Technology Ine.,

Billerica Ma).

Photothermal images of PVC contain information about the opticaI and thermal

properties of the polymer film. To recover the thermal colUponents separate1y from the

opticaI component the films were first imaged as degraded (the photothermal image),

then top surface was metaIized with a 100-200 nm coating of aluminum and reimaged

(the thermal image). Metal coatings were done using OC magnetron sputtering (Edwards

Auto 306 cryo). Conditions of the coatings were as follows: rate l00Â/88s, power 100

W (402 V), Ar pressure 9mT, background pressure 3.4xlo-6T, the target was aluminum

(99.9999%) from Kurt J. LeskerCo_ Samples were cleaned with methanol and were dust

Cree. The metal overcoat confined opticaI absorption to a infitesimally smalllayer al the

surface, acting as a plane heat source wbich generated thermal waves that travelled

through the entire sample before reaching the detector. Samples over 40 J1IIl thick bad a

thin (IJ1I1l) layer of black ink applied to the surface of the aluminum to absorb the
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incident radiation. The aluminum surface was too reflective and not encugh energy was

absorbed by the metal overcoat to obtain a sufficient photothermal response for the

thickest samples.

Instrumentation and image processing

The photopyroeIectric effect spectrometer used to obtain the images is outlined in Fig. 7­

2. A Coherent laser (Innova 70) was used in single line mode for excitation at 458 nm

and the output from a Coherent CR-599 dye laser was used for excitation at 62Onm. The

excitation beam was modulated by an Isomet 120lE acousto optic modulatar. The fmt

order was collimated and passed through a ISO pm pin hole before sttiking the sample.

The beam intensity striking the sample was kept below 3 mW ta prevent optical damage

ta the sample. Replicate images were made ta ensure that the polymer was not being

degraded as it was imaged. Lightly degraded polymers were found ta not be effected by

the laser; however. the darkest films (black) were Iightly etehed at the surface. The

photapyroelectric spectrometer uses AM-PM wideband speetrometry and the impulse

response was recovered using correlation and spectra1 analysis techniques [25]. To speed

the imaging process. the drive and response waveforms are passed from the master

processor (an XT) to the slave #2 (a 80486) through the parallel ports. The 486 then

performs the spectral calculations while the XT initiates data acquisition at the next

image poinL The images are obtained on a point by point line scan. each point separated

by 100 pm. At each position a 256 point impulse response is recovered. The entire

record is SOxSOx256 points of single precision real data requiring ca. 2 Megabytes of

memoty. To accommodate a large number of images the data were transferred 10

magnetic tape and recalled individually to disk. when needed. Individual phototherma1
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images arc obtained by taking a single ûme slice of the 256 point impulse response for

the cnûrc SOxSO point image.

Single wavclength spectrophotometric images were obtained by construcûng a double

bearn spectromcter. The laser wavelength of interest is directed onto the sample and a

Hamamatsu photodiode (sl227) recorded the light levels transmitted by the sample. The

incident light level was taken as the light reaching the photodiode after passing lhrough

the clear colorless region of the PVC film. Prior to being collimated at 150 J.Im the

incident laser bearn was split and 20% of the light was directed onto a second identical

reference diode to record fluctuations and drifts in the laser. The same translation

apparatus and optical lens system was used to record the photothermal image. thermal

image and optical image. Schematics are provided in the appendix of the thesis.
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• Theory and background

It is weil known that photodegradation of PVC is initiated by the absorption of light by

impurities. trapped solvents. and defects in the polymer backbone. In the absence of

oxygen. dehydrochlorination creates polyene sequences that absorb light and release HCl.

which in tum accelerates the degradation process [26].

non-oxidative degradation (dehydrochlorination)

'1"-(CH2-CHO)n- ----> -(CH=CH>m- + mHCl where m=1 te 16

In the presence of oxygen, oxidative processes cleave the double bonds resulting in

photobleaching of the darkened PVc. Oxygen is incœporated inte the backbone of the

polymer as a radical, peroxide or ketene as a chlorine or hydrogen is absttaeted. The

hydrocarbon backbone is then cleaved according te Norrish type 1 (cleavage al the alpha

carbon) and type n (cleavage al the gamma carbon) reactions.

o
1

-c-c,,-C.-C.-H

•
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• oxidative degradation (phOlobleaching)

:-!orrish type 1
o 0
a : 1 U 1

-C+C- _.;;.h";.......:-" _Co + 'C-
:1 n-w' . 1

Norrish type 11
o
8: b

CH.C CH'fH,CH. n _ w'

o
1

CH,CCH. + CH,-CH,

•

PVC . Photo-bleaching
(:z-chlorinalec!d~ ~/;.

--{CH-CHh-eHCI- ....0.

""... +HCI
'" ".0

,
--{CH_CHI.-eHCI

'""' " + HCI

--{CH=CH\-n-eHCI
.-- + HCI

A schcme showing growth of polyene bands and subsequent pholObleaching by Norrish

reactions.
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• Under intense light. such as conditions of these experiments. we have found that for

samples suspended in air. one degradation is initiated in the sample it accelerates 10ca1ly

before it has a chance to spread radia1ly and axia1ly through the polymer film. The result

is a local spot degradation. The evolution of the spot is iIlustrated in Fig. 7-3. The first

two mms were measured to be 45 ).lm and the last mm. the darkest, was measured to be

72 ).lm before degradation. The transmission light microscope pictures show the

degradation of different fùms with the spot just starting to fonn to the point where the

mm is very strongly degraded. The earliest degradation is light yeUow to the eye (7-3a).

The degradation then becomes dark yellow (7-3b) and fmally black (7-3c). The pictures

clearly show the position of the degradation but provides no depth profiling mformation.

Optical micrographs of the strongly degraded mm are shown in Figure 7-4. The

broadband white light image (Fig. 7-4a) shows a unifonnly dark prome with sharp edges

between the degraded and non-degraded region of the mm. The image recorded under

blue light mter (Fig. 7-4b) mters out the optical wave lengths in the UV and low

wavelengths of the visible providing a image of only the longest conjugaled double

bonds. The micrograph clearly shows a darker inner ring containing elevaled

concentrations of the longest conjugaled double bonds and a ouler ring where there is

less degradation (although the photoCopy of the micrograph May not be as clear). The

entire spot is about 4 mm in dîarneler and the circular nature cannot be attribuled to the

shape of the arc from the lamp. Rather, the degradation starts locally and spreads

radially. Under slîghtly higher magnification and increased aperturing of the light 50 the

camera is not flooded by the transmitled light outside of the degradation region, one can

see that the polymer is sinlering (Fig. 7-4c). Small holes in the mm are about 2-10 ).lm

in dîarneler and probably are local spherulites and crystal1ites which scatler lighL The

• holes are not thought to be the result of local cleavage of the chains due to

phOtobleaching or oxidative processes (Norrish reactions) as they do not show up in

either the spectrophotometric images or the photothermal images.
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Under polarizcd light (Fig. 7-4<1) the strongly degraded pve films show strong

birefringence over the entire degraded region and beyond. into the undegraded region of

the polymer. The Maltese cross structure indicates that order or strain in the degraded

region exists. The UV visible and IR dichroism and birefringenœ of stretched pve

samples containing polyene structures have been reported in the past [27-30]. Optical

measurements of chemicaIly deydrohalogenated pve fIlms have attributed the optical

polarization to stress in the polymer chains. We propose that as the polymer degrades it

heats. eventually the temperature rises above the g1ass transition temperature (Tg) and is

cooled in air when the light is blocked. As the polymer quickly cools down below the

Tg, the chains fold together and sttain is plaœd on molecules.

Heating of the polymer above iLS Tg was observed for the strongly degraded polymer

films. The region of heating was visible by eyp. as the heated region and nonheated

region had a sharp bounllary edge which reftacted light. The region of the film that

heated above the Tg spread outside of the colored region of the polymer but remained

clear and colorless.

In Fig. 3 sample (a) showed no birefringenœ, sample (b) showed mild birefringence and

sample (c) showed strong birefringenœ.

SCanning electron microscopy (SEM) was used to measure relative chlorine levels

between the degraded and undegraded regions of the samples. Scans across a 4 J.IIIl cross

section in Fig. 7-5 show that the chlorine levels do not change significantly across the

aoss section of the film. The slight decrease in chlorine levels al the edge of the films

can be auributed to edge effeets in the sample. The same pattern of chlorine levels was

seen in aIl three samples regard1ess of the degradation levels. The reason for the

insensitivity in the lightly degraded sample is probably due to the fact that only 0.1% of
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the chlorine needs to be lost before degradation is visible to the eye. Thus small changes

in chlorine levels create large optical variations in the films. It is expccted that the

slrongly degraded film lost HCI uniformly across the depth of the film due to thermal

hcating of the entire spot region (26.p407).

The photothermal impulse response trends as a function of increasing light absorption are

shown in Figure 7-6. The earliest and fastest response occurs in regions whcre the

polymer does not absorb the incident light and al1 thermal energy is due to absorption by

the deteetor at the back of the polymer. As the region of degradation is translated into

the excitation beam the lightly degraded regions of the polymer absorb the light and the

photothermal impulse response becomes delayed. The more strongly the light is

absorbed the less light reaches the deteetor and the sample response becomes well

separated from the deteetor response. At early limes. near t=O, the photothermal

response will always he dominated by the deteetor response. The thermal signal from the

region of the sample closest to the deteetor then shows up in the response followed by

thermal waves generated al the top of the sample. By selecting a specific lime in the

impulse response and plotting the value of h(t) as a function of position for the entire

photothermal image a SOx50 plot of the image al that lime is created. By plotting a

image for cach lime delay a photothermal "movie" is created showing a real lime transfer

of heat from the polymer to the deteetor. Interesting features in the photothermal movie

cao then be identified by their x-y position. The corresponding impulse response cao he

inverted using the techniques of chapters 5 and 6 to recover the thermal flux and optical

absorption profiles at the wavelength ofexcitation.

The difference between the lightly, moderately, and strongly degraded PVC fiIms is not

the concentration of polyene sequences only, but the length and position of the polyene
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sequences. It is accepted that shon wavelength irradiation generates shon (n=3-4)

polycne sequences and long wavelength radiation generates longer polyene sequences

(n=4-16). The longest conjugated sequences have an acidic character and can bind CI­

fonning a charge transfer complex [31].

Cl-

+

-(-CH=CH-CH=CH-CH-CH2-)n

This type of ionic complex has the properties of an onium salt and contributes to the

intensification of color in the strongly degraded samples. These charge tranSfer

complexes have significant absorption of Iight and do not necessarily decay in a non­

radiative process. Subsequently. quantitative photothennal analysis of these samples

would require analysis of possible photoehemical side reaetions. possible formation of

metastable intermediates and possible delays in the conversion of Iight to heat within the

sample. Subsequently. quantititave analysis will not he undertaken in this thesis.

In the absence of oxygen and oxygen containing impurities these conjugated sequences

grow in length as long as Iight or heat is directed onto the sample. However. in region of

the sample with trace oxygen the oxidative process will cleave the polyenes reducing

their absorptivity at long wavelengths whenever possible. Thus the formation of a

specifie optical profile is adynamie process that depends on the Iight, heat, oxygen and

impurities in the film. Through a 3-D mapping of the heat flux profile one can estim8te

where the degradation started and where it spreacL This would have application in

engineering studies or manufacturing of plastic pans. Small components could he

studied with the appropriate photothermal technique to determine if degradation started
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at the outside edge. say due to friction or rubbing generating heat in the sample. or if it

started in the interior due to stress or optical degradation.

By imaging the degradation at different wavelengths one can map the distribution of

specific polyene sequences. Only the longest polyene sequences absorb at the long

wavelengths while both short and long sequences will absorb at lower wavelengths. We

have imaged the pve at 620nm and 458 nm to image polyene bands of at least 10

conjugated units and polyene bands of at least 6 conjugated units [26. p415]. UV-visible

spectra of bulk pve foils showing the position of maximum absorption for each length

of polyenes is presented in Fig. 7-7.

AlI the spectrophotometric. photothermal, and thermal images are plotted on a X.Y;L scaIe

as illustrated in Figure 7-8. The x-axis and y-axis are always plotted in millimeter units

and the z-axis is the intensity of the signai. For the spectrophotometric images the

intensity axis is either a linear plot of light transmission (IIIo) versus position or the log

of transmis90n intensity, 10g(Illo), versus position. The appropriate scaIes are provided

in the captions. The photothermal impulse response and the thermal impulse response

plots the intensity of the normalized h(t) versus position. The photothermal movies are

presented in two views. View #1 is from the side of the sample showing the

photothermal feature growing up and down. View #2 is from the top of polymer

showing optical and thermal features that appear in the central core of the image. The

data is presented in this manner 50 that up to 8 images can be presented on a single page

without overcrowding.

220



•

Results and discussion

photothermal imaging of lightly degraded PVC films

A single wavelength spectrophotometric image of the lightly degraded spot photographed

in Fig. 7-3a is illuslrated in Fig. 7-9. The center of the 620 nm image is narrower !han

the 45Snm image and the optical absorption is less for the 620 nm image. This suggests

that there are fewer double bonds with 10 conjugations !han 6 conjugations in the sample

and that they are concentrated primarily in the center of the spol

A photothermal movie of the same lightly degraded PVC sample is synopsed in Figures

7-10 and 7-1I. Two views of the photothermal images are provided for clarity. The 620

nm photothermal image (Fig. 7-10) is interpreted as follows. The image recovered acter

t=O.22 ms past excitation is equivaIent te the optical image as the thermal response is

only due to light reaching the deteetor. AU that is seen is a bump in the baseline that is

related to the amount of light absorbed by the sample. The thermal image then begins te

grow in as heat generated in the sample closest te the deteetor diffuses to the deteetor. At

t=O.8 ms past excitation the image shows a uniform ring of heat flux suggesting that the

degradation spreads uniformly in a radial direction. The thermal image then grows to a

maximum amplitude which indicates the largest thermal source contributions are

reaching the deteetor (1=2.19 ms). (ie heat generated in the most degraded region) The

photothermal image al this point sti11 shows that the degradation is strongest in the center

and spreads radially through the film. The photothermal movie then simply decays inte

the baseline of the signal as the thermal response dies off. As the image decays it does

Dot distort and does Dot change shape. This is indicative of a sample with a nearly

uniform optical profile that is also thennal1y continuous. In other words, the mild
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degradation does not significantly change the thermal properties of the PVC. This is in

agreement with the observed fact that only 0.1% of the PVC needs to be

deydrohalogenated before polyene bands can be seen in the visible wavelengths

[26,p407].

The photothermal movie at 458nm. Fig. 7-11. provides approximately the same

information as the 620 nm movie. The image recovered at t=O.2 ms past excitation

corresponds to the optical absorption image and the thermal feature then grows to a

maximum at t=2.2 ms. The signal again decays into the baseline. Unlike the 620 nm

images the 458 nm image suggests that the most central region of the degraded PVC bas

a non-uniform optical absorption profile. This is seen as a slight dip in the center of the

image al t=2.2 ms to t=6.6 ms past excitation. In addition the optical image is slightly

wider for the lower wavelength images. This gives evidence that the longest polyene

sequences are confined to the more central region of the degradation spot and the smaller

polyene bands grow out past.

The thermal images of this sample in Fig. 7-12 shows virtually no spatial dependence in

the signal confinning a thermally homogeneous sample. to a good approximation. The

small thermal features in the baclc of the images are attributed to local delamination at the

PVCldetector interface. The same features can he seen in the photothermal images.

Inversion of the photothermal impulse response for the PVC samples was done using the

NNLS inversion routine of chapter 5. The recovered heat flux profiles are the result of

100 averages, seeding G with 0.5% gaussian noise each lime. Individual impulse

responses were used as recorded with no filtering or smoothing before the inversion.

Photopyroelectric spectroscopy was used to record the impulse responses 50 that the

techniques of chapter 6. including integralion of the thermal response and convolution of

the electrical ttansfer function are included in inversion of the signal. Each response was
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invencd twice. First is was assumed that the sample was twice as thick as physically

measurcd and invened against the thermally continuous Green's Function. A second

inversion accounted for thermal reflections off the front samplelair interface. Both

inversions yielded the same approximate optical profile. The inversions which included

the front surface reflections are presented here as they give beuer spatial depth resolution

of the heat flux profile.

The inversion of the photothermal impulse for the lightly degraded pye sample is

presented in Figures 7-13 to 7-15. The exact region of inversion is outlined in 7-13a

showing a photograph of a 100 l1IIl cross section cut from the sample.

The trends in inversion of the images al 620 nm (Fig. 7-13b) suggests that the polyene

bands stan at the surface of the pye sample and spread inward to the center of the film

where they grow to their maximum. The optical absorption at the surface simultaneously

begins to drop as the degradation spreads. This is consistent with the proposed

mecbanism of photolytic processes initiating dehydrochIorination followed by rapid

cleavage of the double bonds (photobleaching) in the presence of oxygen. The results

suggesl that the polyene sequences grow to some critical concentration before they begin

to be cleaved by Norrish proœsses This implies that oxygen permeates the sample about

15 l1IIl from the front surface inhibiting the formation of long conjugated sequences.

Although the pye films are initially transparent to the radiation the polyene bands seem
"',~

to grow in from the side of the film faeing the somee (Fig.7-13a).

The quality of fit between the thenry and experimental traces give a good estimation of

the accuracy of the inversion procedure. 1bree source profiles corresponding to points

(a), (b) and (c) in the photograph are shown as point (a) (b) and (c) on the photothermal

image (Fig. 7-13c). The inverted profiles corresponding to these exact positions are

plotœd in FIg. 7-13d. In the regions of weak photodegradation. the response recovered is
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primarily due to light striking the PVDF. In regions of higher degradation there are two

distinct sources attributed to the polyenes in the PVC and the surface of the pyroelectric.

The time domain fits corresponding to these inversions are given in Figs. 7-13(d-O. The

traces agree fit quite weil. The difference in the fits of the impulse response for the

weakIy degraded region (Fig. 7-13d) at carly limes is attributed to the randomization

broadening the Green's Function matrix coefficients and would need more averages to

accuately resolve. Conditions for the inversion are 8[128.32) is seeded with 0.1% full

scaIe noise and N=2OQ averages.

The optical absorption coefficients were recovered from the photothermal q(x) profiles

using equations 6-14 and 6-15. The q(x) record truncated at the position where the

pyroelectric signal was observed and the optical transmission reading for each point was

obtained from the spectrophotometric image. The results in Fig. 7-14 clear!y show the

optical profile shifting from the front surface and low 8 values towards the central

channel of the film and much higher 8 values.

Inversion of a photothermal impulse responses recorded at 458 nm for point (c) in the

photograph of the lightly degraded sample is shown in Fig 7-15. The thermal flux

profiles at 458 nID showed the same trends as the 620 nID inversions with the degradation

staIting at the surface and spreading inwards. The width of the thermal flux prome is

wider for the 458 Dm inversion indicating that the shorrer polyene sequences are more

widely distributed in the film and the longer sequences are more confined to the central

channel The lime domain theory matches the experiment well al carly limes and

diverges at long limes. This suggests that the region of largest error in the signal will

come from the top of the sample furthest from the detector surface.

Microscopic inspection of cross sections were not conclusive in their results. Single

waveiength sbldies with fluorescent imaging techniques were dominared by scattering al
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the edge of the films and broadband light images could not help identify specifie polyene

sequences. The photographs did show the degradation starting at one edge and spreading

to the center of the film as depicted in Figure 7-13a. However the black and white

photograph does not show the photobleaching effect at the front surface and is unable to

distinguish between polyene sequences of different lengths. In addition the sharp dark

lines due to refraction of the light at the sample edges or light scattering at the PVC­

EPON interfaces may be masking photobleaching close to the ~ace.

photothermal imaging of moderately degraded PVC films

A photothermal study of a slightly more degraded polymer (Fig. 7-3b) is presented in

Figs 7-16 to 7-21. The single wave1ength spectrometrie image (Fig. 7-16) shows the

PVC fllms absorbs significantly more light al 458 nm !han 620 nm although the spot

diameter is about the same size.

The 620 photothermal movie is synopsed in Fig. 7-17 with 7 images. The ear1y time

image (t=O.96 ms after excitation) c10sely resemb1es the optical image. The

photothermal image then deve10ps in an annular fashion as the thermal waves begin to

reach the deteetor. The growing ring bas sharp edges indicative of a large thermal flux

gradient probably set up by a large change in the spatial optical absorption within the

PVC film. At 1= 9Jl4 ms after excitation the image flattens off due ta photothermal

saturation. The photothermal image cannot reso1ve any increased absorption in the

sample. The image then drops off into the base1ine of the image. The 620 photothermal

image al 1=14.76 ms and 1=24.6 ms shows that as the image decays there is a small
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inhomogeneity in the most degraded region of the sample. From the single wavelength

optical image of the film it is not conclusive if there are optical variations in the sample.

The pure thermal contrast image of the sarnple shown in Fig. 7-19 shows a very slight

dip at long limes accounting for a small thermal variation near the top of the film in the

film.

The 458 nm image is presented in two views in Fig. 7-18. Again the carly time image

(t=O.96 ms aiter excitation) is similar to the optica1 absorption image the sample. The

620 and 458 nm carly image shows that there is significantly more light absorption in the

sarnple at 458 nm !han at 620 nm. This is indicative of a larger amount of polyene

sequences with approximately 6 conjugations !han with 10 conjugations. The physica1

width of the base of the photothermal features are the same at bath wavelengths

indicating that the degradation spread radially to a maximum radius and then degradation

intensified loca1ly within that region. This is further supported by the fact that the peaks

of the photothermal signais are narrower at 620 nm suggesting that the longer sequences

are more concentrated in the center of the photodegraded spol The 458 nm

photothermal movie peaks later at t=14.76 ms aiter excitation with a fiat top signifying

either uniform optica1 absorption in the center of the film or probable photothermal

saturation which is unable to dL<tinguish any increased optical absorption. The decay of

the photothermal image shows very Iittle spatial Yariation in agreement with the 620 nm

images.

Two points of interest were located in the photothermal movie and inverted to recover

the thermal flux profile (Fig. 7-20). Point 1 is along the rising edge of the pve spot

degradation and point 2 is on the plateau of the image in a region of photothermal

saturation or optical homogeneily.
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Inversions were done on impulse responses recorded at 620 nm. 8[128.32] was seeded

with 0.1 % noise and N=200 averages. The recovered source profiles suggest that the

longest polyene sequences are still confined to the central channel and are well separated

from either the front or rear surface of the film. However, as can he seen in the time

domain fits of Fig. 7-21, the sources do not generate accurate impulse responses when

placed into the forward mode!. It is unclear where the error lies precisely as the fits

appear to equally poor over the entire impulse time record. This appears to he a feature

of the inversion procedure which is very sensitive to the choice of a correct basis seL As

noted in chapter 6, when the recovered thermal flux profile is inaccurate the entire time

record will not match. An explanation for the poor fit couId he that the degradation of

the pye has altered the thermal properties of the pye film and the diffusivity is no

longer constant with depth. As a result the basis set is poorly conditioned and the

recovered result is simply the best projection onto the assumed basis. The change in

thermal properties certain1y varies more in the regions of strongest degradation. This

would probably occur al the Sl·.~ace where oxidative process cause rapid scission of the

polymer chains.

photothermal imaging ofstrongly degraded pye fi1ms

A photothermal study of a highly pye film that is black in color (see Fig.7-3c and Fig.

7-4) is presented in Figures 7-22 10 7-27. The monochromatic spectrophotometric

image al 620 Dm in Fig. 7-22 shows a distinetly higher polyene concentration in the

center of the degradation spot and less degradation around the perimeter. This image is

very simüar 10 the photograph obtained with white light under a blue filter in Fig. 7-4b.

The 458 Dm spectrophotometric image is strongly absorbing over the entire region of the
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film. This again gives evidence that the shorter polyene sequences are distributed more

widely than the longer sequences. This image closely resembles the photograph taken

under white light (Fig. 7-4a). From these differences in optical propcrties we expcct to

see a significant difference in the photothermal signals. This is borne out in Figs. 7-24

and 7-25.

The 620 nm photothermal movie (Fig. 7-24) shows the optical image at early limes

(t=O.2ms after excitation) with the halo effect included. The image evolves out of the

baseline with a smooth ring around the edge of the fùm and distinct bump in the center

that was not visible in the optical images. The image continues to slowly rise up out of

the baseline until it reaches a maximum at t=4.0 ms after excitation. At this point it is

clear that the image is not thermally homogeneous as there is significant variation across

the image as it decays into the baseline of frame.

At early limes, (1=0.24 ms) the 458 nm photothermal movie (Fig. 7-25) agrees with the

optical image of the non filtered picture (Fig. 7-4) and al t>O.96 ms the subsequent

growth of the photothermal fealUre. The image shows a distinct outer ring and central

bump (\=4.0 ms) which then spreads into a second inner ring (~7.9 ms), the two rings

merge al ~12.0ms and then decay into the background of the phototherma1 image. This

is mosteasily seen in view#2 of Fig. 7-25.

The thermal movie (Fig. 7-26) shows distinct features al t= 19.69 ms as the thermal

waves launched from the front surface begin to reach the deteetor. The thermal image

can deteet a central dip clearly and also shows the annular structure. At this point it is

unclear to whether the poor resolution of the images is due to graduaI change in ex. the

thermal efflux or thermal wave diffraction between the front and rear surfaces.
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Interpretation of this set of photothermal images is much more difficult as there are

distinct changes in both optical and thermal properties of the sample. We flfst compare

the two photothermal movies and examine the purely thermal movie before presenting

our assessment of the signais. At 620 nm the movie (view #2) shows the rise of a central

bump that spreads ~d fuses with the outer ring between t=4.0 ms and t=8.0 ms before it

decays. The 458 nm image shows the central bump evolving then splitting into a second

ring feature at t=7.9 ms before it spreads and merges with the outer ring. The difference

in images at two different wavelengths can only be attributed to optical effects as both

images came from the same sample and will have the same thermal properties. The

images then show that the absorbing polyene band are uniquely distributed through the

degraded region in a radial fashion. More discussion of this will follow below.

In the 620 nm movie, at early limes, the width outer ring is significantly wider than the

458 nm early lime images. 'Ibis is the same annular ring that is seen in the 620 nm

spectrophotometric image and the blue filtered white light photograph. 'Ibis ring is

attributed to a decreased concentration of long conjugated sequences along the backbone

of the polymer at the periphery of the degradation. The 458 nm image is sharper at the

edges because the shorter length polyene sequences are present out to the edge of the

darkened spot in elevated concentrations. It is apparent that the interface between the

region of optical absorption and optical transmission in the PVC film is a sharp boundary

at458nm.

Fmally it is noted that both photothermal movies are distorted at the front bonom edge

corner of the pieture frames (point 0,0) at intermediate and long limes after excitation

(1)8.0 ms after excitation). 'Ibis distortion of the annular structure is due to the fact that

the samples were suspended vertically when degraded. As the local heating increased the

temperature of the film rose above the Tg and the polymer was pulled downward by

gravity. At the same lime energy continued to be absorbed in the central core of
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degradation and molten pve was pushed to the edge where it was cooled there by

creating a channel or hole in the film itself. In addition. dehydrochlorination of the pve

released Hel which accounlS for over half of the molecular weight of a single monomer

unit. Thus when the degradation is permitted to continue to a point where more than a

few percent of the pve is degraded loss of mass will result in a change in thickness of

the film along with a change in the thermal properties. The rapid cooling of the film

occurs when the light beam is blocked allowing the pve mm to harden in the

conformation it was in. This stress then createS the birefringence in the film.

Profilometty scans across the degraded mm support this interpretation. A line scan

across the mm through the center of the black spot is shown in Fig. 7-27. The edge of

the film that was left undegraded remained at the 72 J.lm thickness measured before

degradation, the edges increased in thickness up to 80 J.Iffi and there was a central channel

that dropped to 55 J.lm at the center. Thus the film had lost 113 of its total thickness at

the center of the degraded region. It is expected !bat some of the sample was lost to

deydroclorination and some moved to the edge of the film by convection.

Polymer films degraded in air under large optical fluences degrade locally because heat

generated by light absorption cannot be conducted significantly into the air due to the

poor thermal mismateh between the sample and air. The thermal diffusivity of pve is

reported to be in !he range of 1.2e-7m2ts [26] making it a poor thermal conducoor of

heat. Thus heat in the film is not condueted away fast enough to prevent local ileating

which eventually causes the local temperature to rise over the Tg ofpve (S4OC).

Results of a large nomber of pholOthermal images suggest !bat the dehydrochlorination is

initiated by photo related mecl!anisms and in the early stages spreads radially from a

central spot as seen in the lightly degraded pve film. As dehydrohalogenation proœeds

!he degraded film !hen begins to absorb increased light levels and heat due to nOD-
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radiative decay mechanisms. The rate of dehydrochlorination increases in the region of

hcating causing local degradation to occur more quickly than the degradation can spread

along the chains of the polymers. This is secn in the moderately degraded sample as a

less pointed and more square optical prome. The 458 nm image is more square than the

620 nm image suggesting that the polyene up to n=6 have formed through out the

dcgraded spot in the mm. The heating eventuaIly causes the polymer to cise above its Tg

and deform the polymer fIlm as it begins ta fIow under the pull of gravily (the strongly

degraded PVC fIlm). The degradation still spreads in the fIlm as evidenced by the

increasing diameter of the spot size between the early degraded and late degraded films.

However, under these conditions the kinetics of local dehydrochlorination are

significantly faster that lateraI dehydrochlorination.
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A discussion of the merits of photothennal techniques in the study of polymer

degradation

Once a photothermal movie is obtained there is significaot information about the optical

profile that generated the thermal waves. Inversion of points of interest cao recover the

Iight flux profile in the sample and even the optical profile cao be obtained. The polyene

density as a fonction of position cao then be calculated by the method of Brown et al [32]

generating a map of functional densities. The advantage of the photothermal technique is

that the sample is retumed to the chemist intact and unmodified. Long term studies cao

be done on the same sample to study processes that may evolve s1owly; such as naturaI

weathering. The technique cao be used to probe any chromophore for which an

excitation source exists allowing 3-D imaging over the entire electromagnetic spectrum.

The imaging process requires only low powers and is ideally suited to study films

between 1-100 lJIIl thiclc. No other technique we are aware of bas these capabilities.

The photothermal movie provides qualitative information about the location of spot

degradation but line scans cao provide the equivalent information over broad areas where

imaging of a large surface would be 100 time consuming. The time required to capture a

single photothermal movies depends on the thickness of the film and sweep rate required.

Thin films (10-30 1JIIl) require about 2 hours while the 100 J.Im films will require about 6

hours to image. It is a long time compare to a single UV of IR scan but nonetheless

significantly less time !han the days required to microtome and image individual cross

sections as is being done now.

In addition, step-scan FT-IR photothermal techniques cao then be used to monitor the

change in the speetra as a function of time and depth. 1bis cao be used in conjonction
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with depth profiling of specific functional groups to help clearly elucidate the

mechanisms of degradation.

Conclusion:

Photoinitiated degradation generates significant heating in the fùm creating a large

temperature gradient between the point degradation is initiated in the center of film and

the outside edge of the ftlm. If the film is not cast onto a suitable heat sink pve will not

be able to conduct the heat away from the local region of degradation resuIting in rapid

growth of long polyene bands. This creates a number of interesting features at the

molecular level which gives the pve films interesting opticaI properties including a

strong birefringence.

Photothermal imaging of degraded pve provides a 1001 10 nondestruetively proftle the

depth dependent growth of the polyene bands and inversion provides a method 10

generate 3-D reconstruction ofspecifie opticaI features in the film•
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Fiq. 7-1 The experimental qeometry used to photodeqrade
the PVC films. PVC films were suspended in the air in
front of a hiqh intensity liqht source resultinq in local
photodegradation•
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Fig. 7-2. Computer and instrument interfacing used to
construct the photothermal spectrometer for 3-D imaging. A
master computer acquires the photothermal signal and
controls the timing of slave #1 which drives the
spectrometer, slave #2 which does the spectral calculations
and recovers the impulse responses, and slave #3 which .
controls the x-y translator•
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F:igure 7.3. The evolut:ion of a spot deqradat:ion in
PVC f:ilms hunq :in air. The photographs are of (al
l:iqhtly (b) moderately (cl stronqly deqraded filma •
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Fiqur. 7-4. IJ.qbt m1~.ph. of the atronqly
degraded PV'C a&mpl.. The HIIlpl. 1. phot~.phed uncler
Ca) broadbaDd white Uqht (b) white 11qht vith .. blue
filter (c) white liC;ht. .t higheJ: maqnific:atioa. to
ahOW' the center deg'raclec:l rec;ion and (d) under
polarized 11ght.
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Fiq. 7-5 Scanninq Electron microqraph vith a disperaive x-ray detector
element set to monitor Cl level across a 4 \lIII cross aection eut trom the
l1qhtly deqraded PVC tilm. The aliqht decrease ot Cl at the edq.s are
thouqht to be du. to edqe .ttect8 in th. tilm. Th. Cl lev.la provid. no
depth protilinq intormation about th. distribution ot deqradation products•
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Fig. 7-7 UV spectra or bulk-PVC roua photodeçade4 unde.. (a) 100\ HZ;
(b) 95\ HZ/5\ OZ; (c) air: (d) 70\ HZ/30\ OZ; (e) 50\ HZ/50\ OZ: (0 100\
OZ- .
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Fiq. 7-8 Axis scales and axis labels for all 3-D imaqes
presented in this chapter. The imaqes are presented as
(i) view #1 from the side to show the profile of the feature
beinq imaged or as (ii) view #2 to show a more topoqraphical
effect. The x and y axis' are relative positions of the xy
translator and units are always in millimeters. The siqnal
intensity is (I/Io) or loq(I/Io) for spectrophotometric imaqes
and h(t) for the photothermal and thermal imaqes. Each 3-D
qraph i5 not labeled 50 that up to eiqht imaqes can be
presented on a page each time•
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Fiq. 7-9 Sinqle wavelength spectrophotometric imaqe ot a
liqhtly deqraded PVC film. (a) Loq transmission imaqe at
620 nm and (b) linear and loq transmission imaqes at 458 nm.
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Figur~ '-10 Phot..>tho!!'r:n.11 movi~ ot: a PVC film l.ightly
d~9r3d~d in air. (View.lli Tim~s correspond tO the
tim~ ~iter exeltation by pulse of light at 620 nm•
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Fig. 7-12 Thermal images of a lightly deqraded PVC
film at t-21.1, ta42.0 and t-78.7 ms after excitation•
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Fig. 7-13. (a) Broadband photoqraph of a 100 um cross section throuqh the
liqhtly deqraded PVC film. The PVC is between two layers of EPON resin.
The deqradation is darker on the riqht hand side of the PVC film (marked
(c» and liqhter to the left hand side of the photoqraph (marked (a».

(b) Trends in the photothermal inversion of the impulse response in the
various reqion of the film at 620 na. Deqradation in reqion (a) is located
at the front surtace of the film. Deqradation in reqion (b) starta at the
front surface but is more proqressed in the center of the film •
Degradation in ragion (c) is the most stronqly deqraded reqion and i.
contined to the center of the film.
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Fig. 7-14 Estimated optical absorptivity as a function
or depth. (a) Point (a) in the photograph, (b) point
(b) in the photograph, (c) point (c) in the photograph•
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Fig. 7-15 Inversion of the liqhtly deqraded PVC film
at the position indicated by arrow' (a) in Fig. 7-14(a)
using an impulse response recorded at 458 nm. The
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Fiq. 7-16. Spectrophotometric imaqes of a moderately
deqraded PVC film. The 620 nm imaqe is plotted on a
linear scale of (I/Io) (a), and a loq(I/Io) scale (b).
The 458 nm spectrometrie imaqe of the same sample is
plotted in (c) on the loq scale•
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The objective of this thesis has been tO develop techniques for quantitative depth

profiling of optical fealUres in polymer films. Work done to date had shown that

qualitative profiling of optical and thermal properties is possible in a wide range of

polymer samples but linle work had been done to determine e"acùy how much

quantitative information can be recovered. Before photothermal techniques will be used

routinely by chemists it is necessary to develop clear protocols and a sO'ong theoretical

understanding of the principles 50 that we can define the conditions under which

meaningful results can be obtainecL

We believe that the work presented in this thesis has shown that photopyroelectric

spectroscopy has the capabilities to quantitatively recover optical and thermal features

from a wide range of polymer samples.

In chapter 2 it was shown that photopyroelectric spectroscopy has the capability tO

nondestructively image optical absorption profiles in thin polymer films. Frequency

domain measurements have shown that the phase of the photopyroelectric signal is able

to re50lve t1ie distribution of the ab50rbing features on a sub micron re5Olution scale;'

The magnitude response. which typically is less sensitive to the photothermal signal. can

be enhanced in the presence of photothermal interference where the vector components

of each contributing layer line up in phase with each other. The effect is seen as an

increase in the frequency domain signal as a function of frequency rather than a decrease

in the signal intensity.

Wideband homodyne photothermal specttometry is capable of studying ultrathin polymer

films of thickness 80 nm to 1500 nm. The technique is limited to the study of polymer

films thicker than 80 nm by a 400nm depoled layer al the surface of commetcially

supplied PVDF films which effectively filœrs the thermal response. The technique is
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• limited tO a maximum thickness of 1500 nm by the electronic high pass filter which must

be kept above 1()()() Hz tO prevent corruption of the downshifted signal by low

frequencies of the upshifted signal. The interfacial adhesion studies made with thin

polymer films spin coated OntO the PVDF will he able tO detect only large

(b32=b34=O.4) thermal mismatch due tO the thermal filtering effect of the 400 nm

depoled layer in the PVDF films.

The results from the inversion study show that the photothermal impulse response can he

inverted to obtain the source or thermal flux profile in thermally continuous samples. By

casting the problem in terms of the free space Green's Function heat conduction problem.

one can create a matrix with arbitrary rime and spatial coordinateS that serves as the

model space or basis for the sample. The problem is ill posed as written due tO the

manix being rank deficient and ill conditioncd; however. by adding a small amount of

random noise tO the coefficients of the Green's Function manix the manix becomes full

rank and the conditioning is greaùy improved. By averaging of a large number of

inversions. each seeded independenùy and randomly. the thermal source profile can

eventually be recovered. The most significant obstacle to applying the inversion routine

is obtaining a basis that accurately describes the sample. When used as described in this

thesis the inversion routine is not ill conditioned and is not prone te large errors due to

noise on the signal and small errors in measuring the samples' thermal properties. The

inversion does not degrade with sample depth and will not generate a fit in the rime

domain if it cannot obtain a fit between the theoretical and experimental source profiles.

Once the thermal flux profile is recovered the optical profile can be reconsttueted with a

minimum of distortion.

• In this thesis we have deve10ped the theoretical tocls for advancing photothermal

spectroscopy in general as scientific tocl and proposed precise prorocols for using
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photopyroelectric techniques to obtain reliable quantitative optical and thennal properties

of a sample. When used within the guidelines laid Out in this work chemists can use

phOlopyroelectric specO'oscopy tO nondeslI'Uctively characterize their polymer films and

laminates with confidence.

The pholOthennal images of PVC films are an example of one potential application of

photothennal techniques. Future work may include phOlothennal imaging of

photodegradation in drawn polymer films. If degradation is observed tO spread with

aligned polymer fibers it could be argued that the degradation is due to thennal

mechanisms; however. if the degradation spot remains circular in nature. this would

suggest that the degradation is dominated by optical effects. The depth dependent spread

of the polyene bands may show that the surface optical image may vary significanùy

from the ds:pth dependent spread of degradation.

It is the opinion of the author !hat future work on the inversion routine should center

around techniques to select a good basis for the inversion. Rather rhan using discrete

delta function source bins. box bins which distribute the energr more unifonnly across

the bin should be more effective.
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Appendix A:

CONSTRUCTION OF A FREQUENCY DOMAIN PHOTOPROELECTRIC

SPECTROMETER FOR THE SPATIAL DEPTH PROFILING OF CHROMOPHORES

IN THIN POLYMER Fn.MS

(hardware and software)
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I!liSTRUMENTATION

The speccrometer design described below is illustrated in Figure A-l. The output of a

1000 W Xenon arc lamp (Oriel) or a continuous wave dye laser (Coherent) is focused

onto the entrance slit of a monechromator (Jobin Yvon #H.1O) and the output beam is

mechanically modulated with a variable speed chopper (Ealing Scientific). Fecusing

optics are used tO direct the bearn onto a homemade pytOelectric tell. The pyteelectric

transducer is a 28 micron thickness. NilAl coated. polyvinylidene difluoride (PVDF) film

(Atechem). When heated the pyteelectric transducer material polarlzes producing a

potential difference across the two metallized surfaces. The incurred voltage change is

ptOportional to the spatially averaged temperature change induced in the pyteelectric. The

voltage generated by the pyteelectric is fed into a differential amplifier (Tekll'Onix

AM502) before being input tO a leck-in amplifier (PAR 5101). The leck-in reference is

taken fro~ the chopper and the output is read by a 12 bit analogue to digital convener

resident on an mM data acquisition board. An IBM PC XT compatible equipped with

an 8087 math coprocessor, Hercules graphies card, two floppy drives and two paraIlel

portS, is used to control the spectrometer and collect the data. The software was wrinen

in ASYST (TM) (ASYST software technologies), output data files are made available in

ASCII format for further processing using commercial graphies packages, such as

GRAFTOOL (3-D Visions), which has been used to process all of the axonometric (3D)

displays presented in this work.
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PRI:'iCIPLES

(i) Hardware Configuration

Primer cards are UO mapped and are accessed through ASYST's PORT.!:>; and

PORT.OliT commands. Typically. the cards use the default base addresses of 0,,378 for

LPTI. 0,,278 for LPT2 and 0,,3BC for LPTI. Our computer is programmed on LPT2

reserving LPTI for primer use. Pin#2 at UO basc-rO is used to program the stepper motor

of the monochromator. Ground is taken from pin#18. A rising edge sem from pin#2 of

LPT2 tO the stepper motor controUer causes the grating to advance by a one-half

nanometer division. To prevent the motor from slewing too rapidly and damaging the

grating or overshooting the desired wavelength a shon delay of about 250 rtùlliseconds

between each pulse is insened. This is shown in the word STEP below.

:STEP\ moves the grating 1 nm
o5ODO
o632 PORT.OUT

1 632 PORT.OUl\ rising edge #1
o632 PORT.OUT
1000 0 DO
LOOP\delay
1 632 PORT.OUl\ rising edge #2
o632 PORT.OUT
1000 000
LOOP
LOOP
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The lock·in amplifier makes only single phase manual measuremems and has no

programming capability. To minimize the manual operation a TI1. relay was inserted to

electronically switch the 0-90· phase quadrant. Initially there were 3 jumper pads.

reference Figure A-2a. which controlled the quadrant of the lock-in amplifier. Jumper 1

controlled the 0-90" quadrant and jumper 2 the 180-270· quadrant when used in

conjunction with jumper 3 which controlled the 0-1800 quadrant. To read O· lines Band

C were closed sending a signal from B to pin 12 of the bonom flip flop while leaving pin

la open. To read 90" lines A and B were closed energizing pin 10 leaving pin 12 open.

A TIL relay inserted in place of jumper 1 p:t'!!'its keyboard access to the 0 and 90

degrees quadrants when the instrument panel phase controls are pre-set to 00 (ref. Fig A­

2b). No longer are the connections (A.B. and C) on jumper 1 direcùy controlling the

quadrant shift. When a TIL low is present at the Il'lSe of the transistor the relay is

deenergized and pin 12 of the bonom flip flop is closed leaving pin 10 open.

Subsequenùy. the 00 quadrant is read. A TIL high at the base energizes the relay causing

the switeh to change positions energizing pin 10 and opening pin 12. This allows the 90"

quadrant to be read. In this manner the operation of the 0-90" phase control is automated.

For manual operation of the lock-in the TIL input to the base of the transistor is kept low

and the relay is energized by tying its negative terminal to the new ground at line A.

This is accomplished by pushing the 90" quadrant bunon. Line A is no longer the direct

90" control; however. the phase quadrant is still shifted through the effect of the ri::ay.
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The TIL signal was supplied via LPT2 pin #2 which is located at VO base...2. The lock·

in gain and filtering levels must be entered manually but the subsequent timing and data

acquisition are automated and under computer control.

The chopper assembly was purchased and used as received from Ealing ElectroOptics.

A OC ourput voltage from the digital tO analogue converter sets the chopper speed: -10

volts gives full speed and 0 volts stopS the whee!. The chopper frequt.ncy must be

calibrated as the speed is not linear with applied voltage over the entire range. This

calibration is performed in-line by directing the ourput of the reference to a frequency

counter (model #3030 Brunelle Instruments).

(ii) PPES Cell Design and Equivalent Circuit

The design of the pyroelectric cell is shown in Figure A-3. Brass inlaid electrodes make

contact with the PVDF film which is held flush to the bonom of the cell with a thin film

of silicone vacuum grease which ensures thermal and mechanical contact of the

pyroelectric film ta the backing. The sample under study is brought into close thermal

contact ta the PVDF with optical epoxy, silicone grease or by spin coating samples

directly omo the PVDF. The entire cell is contained within a shell of aluminum which

acts as an EMI shield. The interior of the shield is painted black ta reduce the stray light
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soiking the PVDF film. The signals are output through shielded coaxial cables and fed

into a differential pre-amplifier.

An equivalent electrical circuit of the pyroelectric detector is shown in Figure A-4. The

heated pyroelectrlc functions as a capacitor with a temperature dependent dielecoic

constant. Such an element is equivalent to a voltage source in series with the PVDF film

capacitance (Cp) if temperature changes are small. The resistance. RI. and capacitance.

Cl. are contributed by the input resistance of the prearnplifier and the combined input

capacitance of the signal leads and preamplifier. In order to recover the true FD·PPES

voltage response the detection system consisting of the pyroelectric ceU. pre-amplifier

chopper and lock-in must have a fiat frequency response. This is obtained by using a

high input impedance amplifier (200Mn) and minittùzing the use of prearnplifier filtering.

The results of varying the input impedance and the effects of the frequency response of

various prearnplifier input filters on the measured photothermal transfer function are

shown in Figures A-S and A-6. Loading the PVDF film with l.Okn, 2.2kn, 4.7kn and

200Mn as shown in Figure A-S. produces a trend towards increased uniformity of the

magnirude response and increased. signallevel from the film. The phase response is linear

for all input impedance settings. The frequency response of the detection system as a

function of preamplifier low pass filter settings is illustrated in Figure A-6. With the low

pass filter open to al least O.IMHz the phase response is fiat with frequency above 100Hz

and becomes less fiat as the low pass filter is reduced. The magnirude plot has been

expanded along the intensity axis 10 show that
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setting the low pass filter cutoff frequency below 0.1MHz aIse causes a slight roll off in

the magnitude with frequency. The increased noise that passes through the preamplifier

due tO the open band pass is filtered out of the signal by the internai filters in the \elck-in

amplifier. It would also have been possible tO use a low pass filter setting of about

10kHz and the correct for the transfer function after the signal has been recorded.

The use of the lock-in amplifier in this spectrometer is to obtain the magnitude and phase

of the signal rather than to shift the analytical signal away from a region of spectral noise.

The lock-in amplifier output contains a narrowband signal centered around de. and a

second harmonic output which is rejected by means of a lowpass filter. The narrower the

bandwidth of the lowpass filter. the longer the sett1ing time and therefore the longer the

acquisition rime. The advantage is improved rejection of the second harmonic from the

dc output. If faster acquisition times are desired, one must settle for a wider bandwidth

on the lowpass filter and contend with the transmission of the second harmonic

component to the output channel. The second harmonic component is a periodic. well

defined interference and subsequendy it cannot be averaged out by averaging the output

signal with uniform lime sampling. In orcier to make the best compromise we settled for

a filter lime constant which gives the best !rade off between sett1ing rime and rejection

of the second harmonic. We then used random lime sampling of the output channel to

average out the interference. This approach works because the use of a random

acquisition delay interVal (whose probability distribution function (pdf) is uniform) tO
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sample a periodic interference (with a fixed initial phase) gives the same result as

randomly varying the initial phase (with uniform pdf) and fixing acquisition the time

interval. The net contribution of the interference approaches zero as the number of

samples increases to infinity. This is accounted for in the word GETlPOD'T of the data

aquisition program.

We have found experimentally that the magnitude measurement is much less susceptible

to the effeetS of this interference than the phase. The magnitude is calculated as the

square roct of the sum of the (wo readings in each quadrature with each squared

individually. The phase is calculated as the arctan of the ratio of the quadrature reading

over the in phase readïng. Subsequently small variations in the quadrature contribution

may show up as significant changes in the phase, but are less significant tO the

measurement of the magnitude.

To obtain one data poinst the computer sends a 1ï1.. low to the lock-in to measure 0

degrees. the lock-in is given rime to seme proportional tO three rimes the sum of the pre

and post filter settings, the lockin signal is sampled up to 500 rimes (n1) and between

each sampling a random delay is set. This delay has a uniform pdf as discussed in the

preceding paragraph. The computer then sends a 1ï1.. high te measure the 90 degree

quadrant and the process is repeated. The nI points for both quadrants are averaged

arithmetically and the magnitude (pv) and phase (radians) of the signal are calculated via

the procedure PROCESSPOINT and then saved with the associated wavelength and
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chopping frequency in DATASTORE.

:\1.-\~ PROGRAM

To execute the system RUN is typed. The program fU"St INlTIALISESs ail the data by

prompting the user tO input the amount of averaging desired. the wavelength range and

resolution to be srudied. the modulation frequency range and resolution and the initial

lock-in amplifier settings. These include gain and pre and POSt filter time constants. The

user is given the opporruniry tO change any of the settings as often as needed at the stan

of the experiment or after any point during the scan. These changes are then accounted

for in the experiment. It should be noted that the operator must set the monochromator

to the starting wavelength manually at the beginning of the scan. The program then

STARTs the experiment by sending a OC voltage from the digital to analogue convener

to the chopper causing it to modulate the light at the desired frequency via the word

SE.."-l'DDATA. GETISET controls the number of data points taken at e:lch modulation

frequency and wavelength. Depending on 02, the number of points taken at each

modulation frequency and wavelength. Depending on 02, the number of data points

required at each frequency and wavelength, it calls GETlPOINT.

At the end of the run the data can be viewed by plotting the magnirude or phase versus

frequency or wavelength.
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RESULTS

The agreement between theo!)' and experiment indicates that the system is capable of

measuring photothetrnal and thetrnal wave responses without instrumental distonion and

that the observed signal is due tO the thermal response of the sample rather than the

elecoical response of the detector and filters. The spectrOmeter has achieved an adequate

signalto noise ratio atlow signallevels and the TIL relay insened into the manuallock­

in amplifier provides a low COS! semi-automated system.

ResullS obtained using the broadband Xenon Arc source and a 4 nm monochromator

bandpass had a poorer signal to noise figure due to the lower light flux incident on the

sample. Improving the signalto noise may be achieved by opening the bandpass of the

monochrornator to lS nm; however, the results then may no longer give good agreement

with th\: theoretical response. This is especially true in the neighborhood of rapidly

varying spectral features (e.g. band edges) where a lack of monochromaticity is evidenl.

The proposed hea( transfer model assumes that the light is absorbed in the sample

according tO Beer's law and the heat generated in the sample is due to the nonradialVe

decay of the absorbing species. The IS nm bandpass selS up the equivalent of a

distribution of thermal sources in the sample, over the range of wavelengths passed by

the monochromator. The optical deposisiton profile, and therefore the heat flux profile

set up in the sample, becomes a quantity weighed over the spectral band. These factors

make modelling of the thermal response of the sarnple much more complelt.
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• \PROGRAM TO ACQUiRE DATA FOR A FREQl;E:-iCY DOMAI:-i
\PHOTOPYROELECTRIC SPECTROMETER

\ **** PART 1: ENTERING THE EXPERIME~IAL PAR.-\METERS ****

\ Declare relevant scalars

integer scalar check
integer scalar ni
integer scalar n2
integer scalar n3
integer scalar n4
integer scalar n5
real scalar n6
real scalar n7
real scalar n8
real scalar n9
real scalar nlO
real scalar nIl
integer scalar n12
integer scalar n13
integer scalar n15

integer scalar choice
integer scalar fit-it

:WARN

\ toggle to excape from the RECHECK
\ #pnts\avg
\ # of avg\frequency
\ staning wavelength
\ fmishing wavelength
\ wavelength step
\ starting Hz
\ fmishing Hz
\ step Hz
\ leck-in sensitivity
\ prefilter setting
\ POSt filter setting
\ reference phase
\ pre-amp filter
\ random sampling time delay

\ choice at case statement
\ a curve fitting constant for calibrating
\ variable speed choper

•

\ this word warns when an invalid frequency parameter is entered.
\ called by SETUP

screen.clear
cr'The frequency must be a positive number from 1 - 2000" "type
cr "If you entera neg number the program will crash" "type
#input

:SETUP

\ experimental parameters are input. This word is called by INITIALISE



•

•

40 n15 := \ random sampling dealy is set to less than 40 msec

cr " please input the following values " "type
cr" " "type
cr " number of points read per avg. " "type
#input ni :=

cr " number of averages per value. min of 3 .. "type
#input n2 :=

3 n2 > if \if its trUe it11 enter the loop
screen.c1ear
cr " The # of avg.s must be at least 3" "type
cr " if you enter a # less than 3 the program will crash .. "type

#input n2 :=
then

screen.c1ear
cr " with regards to the ** MONOCHROMETER ** please give ..." "type

cr " starting wavelength : .. "type
#input n3 :=
cr .. finishing wavelength : .. "type
#input n4 :=
cr .. step size for wavelength : .. "type
#input n5 :=
screen.clear
cr .. with regards te the ** VARIABLE SPEED œOPPER *. please give ..... "type
cr " " "type
cr .. slower Hz" "type
#input n6 :=
on6>if

WARN
n6 :=

then
cr n faster Hz Il "type

#input n7 :=
on7 > if

WARN
N7:=

then
cr " step Hz ft "type
#input n8 :=
on8 > if

WARN
n8 :=

then
screen.clear



• cr " with regards tO the insO'Umem controls " "type
cr" type
cr " Lock-in sensitivity (mV) " "type
#input n9 :=
cr " lock-in prefilter # " "type
#input ni0 :=
cr " lock-in posttilter # " "type
#input nII :=
cr " reference phase " "type
#input n12 :=
cr " preamp gain " "type
#input nl3 :=

:RECHECK

\ allows any experimental parameter to be changed by the operator
\ this word is called by ThlmALISE

screen.c\ear
cr " do you want to change any of these " "type
cr " enter the # ... you'il have a chance to change more than one." "type
cr " hit 0 if they are ail o.k. " "type

•

cr" 1: #ptslavg (500 max)
Cr" 2: # of avglvalue (min of 3)
cr" 3: starting wavelength
cr" 4: finishing wavelength
cr" 5: wavelength step
cr" 6: starting Hz
cr" 7: finishing Hz
cr" 8: step Hz
cr" 9: lockin sensitivity
cr " 10: prefilter
cr " 11: postfilter
cr " 12: ref. phase
cr " 13: preamp gain
cr " IS: sampling delay
cr

#input choicc := choicc

ft "type nI
It "type n2~

" "type n3.
ft "type n4.
Il "type n5.
" "type n6.
" "type n7.
" "type 08
Il "type n9.
" "type nl0.
" "type nI!.
" "type n12.
" "type n13.
" "type niS.



• case
1 of ." #pntslavg
2 of ." # of avgs/value... min of 3
3 of ." Stan wavelength
4 of ." finishing wavelcngth
5 of :' step wavclength of
6 of :' stan Hz
7 of :' finishing Hz
8 of :' step Hz
9 of :' sensitivity (mV)

10 of ." prefùter
11 of :' postfilter
12 of :' ref phase
13 of :' preamp gain
15 of :' sampling delay

:' « al! ar~ o.le. »

endcase

cr

:lN1TIALISE

" "type
"

"

"

#input ni := endof
#input n2 :- endof
#input n3 := endof
#input n4 := cndof
#input n5 := cndof
#input n6 := cndof
#input n7 := cndof
#input n8 := cndof
#input n9 := endof
#input n10 := cndof
#input n11 := cndof
#input n12 := cndof
#input n13 := endof
#input n15 := cndof
1 check:=

•

\ all experimental parameters are input and checked
\ called by the word RUN

screen,clear
ocheck:=
SETUP
begin
RECHECK
check 1 =
until
ocheck:=

\------
\ PART ll: DATA IS ACQUIRED

\ delcare al! relevant variables
\ these are capitalized to emphasize that these variables
\ are required for the actual data acquisition
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•

REAL DIM[ 4. 200 ) ARRAY STOREAVG
REAL SCALAR Dl
REAL SCALAR QI
REAL SCALAR D
REAL SCALAR Q
REAL SCALAR PHASE
REAL SCALAR MAGNITUDE
REAL SCALAR FREQUENCY
I!'oIïEGER DIM[ 1 ) ARRAY WAVELE.NGlH
INTEGER DIM[ 1 ) ARRAY CHOPRATE
DP.INTEGER SCALAR CHOPSEG
INTEGER DIM[ 500 ) ARRAY DBANK
INTEGER DIM[ 500 ) ARRAY QBANK
I!'oIïEGER SCALAR MS
INTEGER SCALAR 1.5
INTEGER SCALAR MSNB
INTEGER SCALAR 1.5NB

DP.INTEGER SCALAR BANKSEG
INTEGER SCALAR LB
INTEGER SCALAR UB
INTEGER SCALAR LWNB
INTEGER SCALAR HGNB
INTEGER SCALAR ROW
INTEGER SCALAR COL
DP.INTEGER SCALAR QBANKSEG
DP.INTEGER SCALAR WAVESEG
INTEGER SCALAR FR
INTEGER SCALAR WV
INTEGER SCALAR h

:START

\ called by RUN.

Ois :=
odbank:=
dbank address . bankseg :=
wavelength address • waveseg :=
oqbank:=
qbank address • qbankseg :=
choprate address . chopseg :=

\ store the data from each run

\ calculated phase value
\ calculated magnitude value
\ data 10 be sent 10 chopper
\ data to be sent tO monochromalor
\ binary value of data sent

\ holds the most sig. byte of data
\ holds the lease sig. byle of data
\ digital nb. equiv. to MS
\ digital nb. equiv. to 1.5

\ gives the address of DBANK
\ least sig. byte of data incoming
\ upper byte of data incoming
\ digital nb. equiv. to LB
\ digital nb. equiv. 10 UP
\ row of storeavg
\ col of storeavg

\ sets counler to 0

\ dbank address is found

\ sets the quadrature array to 0
\ qbank address is round
\ freq address is round



• olb:=
oub:=
osloreavg :=
o col :=
o row:=
n3 wavelength :=
n6 frequency :=
9 ~9890 pon.oul
Oh :=

:SENDDATA

\ sets up lhe data acquisition board
\ parameler used in plorting data

\ sets the chopper modulating al the starting frequeney
\ called by OVER.FREQUENCY.RANGE

freque
ney 100 1 fit-it :=
fit-it 8 > if
then

\ offset is added tO chopping speed
\ to give a linear calibration curge

frqueney -2000 1 1 + 2048 5 - * fit-it - choprate :=

\ 5 is an offset and the 1.01 alters the slope slightly to
\ get an accurate frequeney setting

1 15 + ms:=
chopseg def.seg

15 peek Isnb :=
ms peek msnb :=
o4835 pon.out
Isnb 13026 poIt.out
msnb 13027 pon.out

:READ2BIT

\ ms is greater than 15 by 1

\ sets computer to write to channel 0

•
\ data acquisition board reads the hi bit and low bit from the leck-in
\ called by GETlPOINT

1 738 pon. out
o739 pon.out
o738 poIt.out
o739 pon.out



• 8930 port.in lwnb :=
8931 port. in hgnb :=

:STORE2BIT

\ data read in READ2BIT afler a 0 degree reading is slOred
\ called by GET1POINT

1 lb + ub :=
bankseg def.seg
lwnb LB poke
hgnb UB poke

2 lb + lb :=

:QSTORE2BlT

\ data read in READ2BlT after a 90 degree reading is stored
\ called by GET1POINT

llb+ub:=
qbankseg def.seg
lwnb lb poke
hgnb ub poke

2 lb + lb:=

:PROCESSPOINT

,

•

\ the phase and magnitude values are calculated
\ called by GET1POINT

dbank 1 - dbank :=
qbank 1 - qbank:=
dbank sub[ 1 • nI • 1 ] mean d :=
qbank sub[ 1 • nI • 1 ] mean q :=
d 10 * 4096/-5 - 2 * d :=
q 10 * 4096/ 5 - 2 * q :=
q d / atan phase :=
q q * q1 :=
d d * dl :=
q1 dl + sqn magnitude :=

\ offset correction on the board

\ talce the average reading of nI

\ convert bits 10 volts
\ set output 10 +- 10V output
\ find the phase and mag of signal



• n9 101 magnitude • 1000 • magnitude :=

: DATASTORE

\ the dao is stored in the array slOreavg
\ called by GETIPOINT

1 col + col :=
frequency fr:=
wavelength [ l 1wv :=

l row :=
fr storeavg [ row • coll :=
2 row :=

wv storeavg [ row • coll :=
3 row:=

phase storeavg [ row • col 1:=
4 row:=

magnitude storeavg [ row • col 1:=

: SCREEN.POINT

\ mag in volrs

•

\ data is output 10 screen as it is recorded to al10w changes
\ during the cxperiment

cr " frectuency " "type fr .
cr " wavelength " "type WV a

cr "phase ""type phase .
cr " magnitude " "type magnitude .
cr " " l'type

: GETlPOINT

\ one phase and magnitude value is taken
\ called by over.frequency.range

cr " toggie switeh 10 0 degrees on the lock-in " "type



• o634 pon.out

1000 nlO * 3 *
1000 nll * 3 * + msec.delay

1 h + h :=

o ls :=
o lb:=
ni 0 do

rand.umf n15 * msec.delay
READ2BIT
STORE2BIT

loop

\ sets the phase tO 0 degrees automatically
\ system is allowed to senle
\ pre-filter ùme constant
\ plus post filter ùme constant

\ increment h every ùme a point is taken
\ h is a data plotting parameter

\ random delay between taking points
\ to minimize sampling errer

cr " toggle switch on lock-in-amplifier to 90 degrees " "type
1 634 pon.out \ switches the 90 degree bunon automaùcally

\ then the system is allowed to stabilize

."

1000 NlO * 3 *
1000 nll * 3 * + msec.delay

Ols :=
o lb:=
ni Odo

rand.unif n15 * MSEC.delay
READ2BIT
QSTORE2BIT

loop

PROCESPOINT
DATASTORE
SCREEN.POINT

:GETlSET

\ pre filter setting
\ post filter setting

\ random delay between taking points

•
\ called by OVERFREQUENCY.RANGE

n2 Odo
GETlPOINT



•

•

loop
o634 pon.out \ set quad button back to 0 degrees



• : OVER.FREQu"E:-;'CY.RANGE

\ takes data over the frequency range selected
\ called by OVER.WAVELENGTIIS

begin
SE:-'"DOATA

CR" ****.. :-'"EW FREQUENCY LET CHOPPER STABILlZE THE:-i RETIiRN
**********" "TYPE
cr "input "drop cr
cr " *** to change a value hit the spacebar else hit retum *** " "type

pckey 32 =if
screen.c\ear

cr " up to wavelength :
cr " up to frequency :
cr " preamp gain
cr " ref phase
cr " post filter
cr " prefiiter
cr " sensitivity
cr " # of pntslavg
cr" # of avglvalue
cr

" "type waveiength .
" "type frequency .
" "type n13 .
" "type nI2 .
" "type nIl .
" "type nIa.
If "type n9 ~

""type nI .
If "type n2.

•

cr " wait tiU printer is finished then hit return ... " "type
"input "drop cr

acheck:=
begin

RECHECK
check 1 =

until
acheck :=

then
GETlSET

frequency n8 + frequency :=
frequency n7 >

until



•

•

:STEP

\ steps the monochromator n5 namometers
\ called by OVER.WAVELENGTIIS

n5 0 do
o632 pon.out
1 632 pon.out \ steps grating half a nm
o632 pon.out

1000 0 do \ delay between hafl steps
loop

1 632 pon.out \ steps grating half a nm
o632 pon.C'ut

1000 0 DO
loop

loop

: OVER.WAVELENGTIIS

\ called by RUN
\ does a fI'equency scan at every wavelength selected

begin·
OVERFREQUENCY.RANGE
n6 fI'equency :=

cr" 1 1 1 IlLET œOPPER SETfLE BEFORE HITTING RETURN TO GO ON +++++
" "type
cr "input "drop cr

STEP
n5 wavelength + wavelength :=
wavelength [ 1 ] n4 >

until

: RUN

INITIALlZE
START
OVERWAVELENGTHS



•

•

AppendixB

The theoretica1 frequency domain voltage response equation
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AppendixB

The theoretical voltage response for each sample was calculated using equation 1

below. The equation was derived assuming that a thermally homogeneous. optically

inhomogeneous sample can be dividcd into N arbitral)' layers and the thermal

rcsponse of each layer determined individually. Using the !incar properties of heat

transfer each of the N responses arc summed giving the thermal response of the

encire sample. The 8 thermal transit limes represcnt the time it takes for the

downward propagating thermal waves (1:1-1:~ to reach the top and bottom of the

pyroelectric detector from the top and bottom of the absorbing layer and the upward

propagating thermal waves (1:5-1:8) to pass up to the air sample interface where they

arc fully reflected baclc down to the pyroelectric. The following parameters arc also

required in the mode!: the pyroelectric thickness (d). the sample thermal diffusivity

(<12) • the pyroelectric diffusivity (<13). the sample thickness (GN). the distance

between the air sample interface to the top of the ith layer (G i-l)' and the distance

between the air sample interface to the bottom of the ith layer (G jl.

(e-~tSS - e~ili e-~t;S )
(~i +. q:z)

•
- ( e-~:tiS - e-i3i l i e-~~)

(l3i - q:z)
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(e-~t;S - e-i3i li e-~t8S )]
(l3i + q:z)

(1)



•

•

where

The nonradiative decay coefficient (Th), light absorption (Pi) and incident light

intensity <Ii-I) must be input for each of me i layers in me sample. The y term is me

pyroelectric coefficient and Cp is me capacltance of me pyroelectric. The voltage

response is proportional to me modulation rate where s=jw and w=2ltf. Other terms

calculated aIe b32' a merma\ mismatch factor between me sample and pyroelectric

and qi a second frequency re\aœd term (qi=s/rI.j)1/2.)•
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AppendixC

Derivation ofthe four layer theoretical model.
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•
APPENDIX C

Equations (4-9 - 4-13) are derived using the four layer model presented in Fig.

4-2. The heat conduction equation is written for the individuallayers of the mode! as:

gas: (Cl)

.,
sample: ~1T2 _~ ~~T2 =

(transmission mode)

(inverse mode)
(C2)

contact layer:

.,
à""~T3 _ .!. àST3 = 0
ax- ~ t

(C3)

'. éÎ't.T4 1 àt.T4 _ [ 0 (tranmission)
pyroelectrlc. (}xl - a

4
""'C1t - -O(x+(d+l)O(t) (inve r se) (C4)

These are invened into the Laplace domain to give the 's' domain solutions:

t.TI(x,s) = Al e-qlx

t.T2(X,S) = A~~x + A3e~x + ~(x.s)

t.T3(X,S) = ~e~(x+l) + Ase~(x+l)

t.T4(x,s) = ~eq4(x+l+d) + S4(X,S)

(CS)

(C6)

(C7)

(CS)

(C9)

•

Where ~(x,s) is the inhomogeneous solution to the transmission mode temperature

profile, and S4(x,s) is the inverse mode inhomogeneous solution:

S2(X,S) = 1 e ~Ixl
2a2Cù

(CIO)
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• The temperature in the pyroelectric is detennined by imegrating over the

thickness of the active pyroelectric medium (which extends from -(1+d+d.p) 10

-(1+d+dr) in Fig. 4-1):

in transmission mode:

(inverse mode)

- (d+l+d.p)
<ôT4(x,s» = (cl ~ ae;l) f A6(S) eQ4(x+l+d) dx

f -(d+l+d )
f

(transmission mode) (C12)

The À6 value is detennined by solving the four equations using the conventional

boundaIy conditions of temperature and heat flux. continuity at each interface.

À6 is evaluated Using Cramer's rule, given the assumption that there is

negligible heat conduction from the sample into the gas phase (e.g. b12 =0). For the

transmission case:

temperature continuity:

•

At - A2 - A3 = 112a2<12
-1 -1A2L +A~ - À4 - As = L l2a2<12

-1
~ +AsO -À6=O

heat flux conÙDuity:

-b12Al + A2 - A3 = -ll2a2<12
-1- A2L +A~ + bnÀ4 - b32AS = -(ll2a2<J2)

-1
~~-~sO +À6=O
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(CI4)

(CIS)

(CI6)

(C17)

(CIS)



• where:

L=e~l D=e~d

nI

AssuIIÙng that the pyroelectric layer is approximately thermally matched tO the

polymer. the reflection coefficients between pyroelectric/interfacial zone and

polymerlinterfacial zone are very similar. Therefore we write. r32 = - r 43 and:

•
A6

= 4b34. -1 <" rnl-2nD-2n(1 r L2 D2}n
(X2~ LD(b34+1HbÎ2+l) n:O 32 + 32 -

(C19)

The term (1 + f 3212_D2}n is expanded in a binoIIÙal series:

2 2n n nI 2"k
(1 + f 32L - D } = l (n-k)!k! (f32L - Di

k=O
(C20)

The terms in the summation are expanded in a second binomial series yielding:
• n k

1 l l l
(b34+l)(bÎ2+1) n=O k=O j=O (n-k)! (k-j)!j!

~!k-j (_l~+l L-2(n-k+j)-1 D-2(n-j)-1 (C21)

Evaluation of the spatial integral in equation (CIl-12) gives the transform of the

temperanm: in the pyroelectric:

•
4 bà;J 1/2

~T4(x's» = 2(d-(I+b34:J(I+b3iJ (aJa.v
• n k ['- 1-]l l 1: nI f "+l<-j (-l)i+l!. e-i 'rIS _e-i 't2s

n=O k=O j=O (n-k)!(k-j}!JI 32 s
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•

Terms of the fonn [} e-i !;s} are readily invened to expressions of the fonn

(erfc(J/2[ 'titi) 1 (22). to give a temperature/time profile of the fonn:

[
1- 1- 1erfc[2i'r2/t} - erfc{2i 'r2/ t }

(C23)

The same approach is used to inven the expressions obtained for the inverse mode

case.
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AppendixD

The Asyst software program to calculate the thermal transmission
photopyroelectric response of the four layer model.
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• \ TRAN4LAY.THR
\ ASYST SOFTWARE
\ CALCULATES THE THERMAL TRANSMISSION RESPONSE FOR THE 4
LAYER
\ MODEL.

\ DECLARE THE VARIABLES

INTEGER SCALAR MARC
SCALAR N \ M TO KK ARE USED IN "SUMMATION"
SCALAR M
SCALAR K
SCALAR L
SCALAR NN
SCALAR KK

DP.REAL SCALAR E \ E F & G ARE USED IN "FACTORIAL"
SCALAR F
SCALAR G

\

DP.REAL DIM[ 256 ) ARRAY TIME
DIM[ 256 ) ARRAY T-RESP \ TIME RESPONSE
DIM[ 256 ) ARRAY THERM.RESP \ THERMAL RESPONSE
SCALAR GAMMA34
SCALAR GAMMA32
SCALAR ALPHA2
SCALAR ALPHA3
SCALAR ALPHA4
SCALAR B32
SCALAR B34
SCALAR DEP
SCALAR L2
SCALAR L3
SCALAR D
SCALAR TIME.RESOLUTION

REAL DIM[ 256 ] ARRAY H1
REAL DIM[ 256 ) ARRAY H2
REAL DIM[ 256 ) ARRAY H3
REAL DIM[ 256 ) ARRAY H4
REAL DIM[ 256 ] ARRAY H5
REAL DIM[ 256 ] ARRAY H6
REAL DIM[ 256 ) ARRAY H7
REAL DIM[ 256 ) ARRAY H8
REAL DIM[ 256 ) ARRAY H9
REAL DIM[ 256 ) ARRAY H10

COMPLEX DIM[ 4096 ) ARRAY H(T)

• 15 STRING FNAME



•

•

\ WORDS TO INPUT VALUES

: INPUT. VALUES
NORMAL.DISPLAY
SCREEN.CLEAR
CR " POLYMER LAYER THICKNESS: ""TYPE #INPUT L2 :=
CR " DIFFUSIVITY: ""TYPE #INPUT ALPHA2 : =
CR
CR " ALIEGNED LAYER THICKNESS: ""TYPE #INPUT L3 :=
CR " DIFFUSIVITY: " "TYPE #INPUT ALPHA3 .-
CR
CR " PVDF LAYER DEPOLED THICKNESS: " "TYPE #INPUT DEP :=
CR " DIFFUSIVITY: " "TYPE #INPUT ALPHA4 : =
CR
CR " POLYMER-ALIEGNED INTERFACE B32 : " "TYPE #INPUT B32 :=
CR " ALIEGNED-?VDF INTERFACE B34:" "TYPE #INPUT B34 :=
CR
CR " NUMBER OF SOMMATIONS DESIED : " "TYPE #INPUT M :=
CR " ':'IME.RESOLUTION : " "TYPE #INPUT
TIME. RESOLUTION : =
;

: VALUES

NORMAL.DISPLAY
SCREEN. CLEAR
" PROGRAM : TRAN4LAY.THR " "TYPE CR CR
-1. 2. FIX. FORMAT
CR " POLYMER LAYER THICKNESS: L2 (nm) ""TYPE L2 1.E-9 /

CR " DIFFUSIVITY: (ALPHA2 E-7) ""TYPE ALPHA2 1.E-
7/.
CR
CR " ALIEGNED LAYER THICKNESS: L3 (nm) ""TYPE L3 1. E-9 /

CR " DIFFUSIVITY: (ALPHA3 E-7) ""TYPE ALPHA3 1. E-
7/.
CR
CR " PVDF LAYER DEPOLED THICKNESS: DEP (nm) " "TYPE DEP
1.E-9 / •
CR " DIFFUSIVITY: (ALPHA4 E-7) ""TYPE ALPHA4
1.E-7 / •
CR
CR" TIME.RESOLUTION: (E-9) " "TYPE TIME.RESOLUTION 1.E-
9/.
CR
-1. 4. FIX. FORMAT
CR " POLYMER-ALIEGNED INTERFACE B32 : " "TYPE B32
CR " ALIEGNED-PVDF INTERFACE B34:" "TYPE B34
CR
CR " NUMBER OF SOMMATIONS DESIED: (M) ""TYPE M
CR
CR " GAMMA34 : " "TYPE GAMMA34



• CR "
;

GAMMA32 " "TYPE GAMMA32

FIX. VALUES
1 B34 - 1 B34 + / GAMMA34:=
1 B32 - 1 B32 + / -1. * GAMMA32:=
TIME [lRAMP
TIME 1. - TIME :=
0.1 TIME [ 1 l :=
TIME TIME.RESOLUTION * TIME :=

\ THERMAL TIME CONSTANTS ARE CACULATED

: Tl
N K - L + 2 * 1 + L2 * ALPHA2 SQRT /
NL- 2*1+L3* ALPHA3SQRT/ +
DE? ALPHA4 SQRT / +
;

: T2
N K - L + 2 * 1 + L2 * ALPHA2 SQRT /
N L - 2 * 1 + L3 * ALPHA3 SQRT 1 +
9.E-6 ALPHA4 SQRT 1 +
;

: FACTORIAL
F:= 1 E :=
F 1 > IF

BEGIN
F 1 - G :=
F G * E * E :=
F 2 - F :=

F 2 <
UNTIL

: BI.COEFF
N K - FACTORIAL K L - FACTORIAL * L FACTORIAL * INV
N FACTORIAL *•

E F :­
ELSE
l F :~

THEN
F
,

\ FOR O! OR 1!



•

•

;

ERFC
ERF 1 SWAP -
;

OP.REAL OIM( 256 1 ARRAY CHECK.ARRAY
INTEGER SCALAR CHECK

\ CHECK FOR ARGUEMENTS THAT WILL BE TOO LARGE FOR THE ERFC
\ FUNCTION PUT A FLAG (*) ON THE SCREEN IF THIS OCCURS

: TEST.THE.ARRAY.VALUES
CHECK.ARRAY :=
1 CHECK :=

10 0 DO
CHECK.ARRAY [ CHECK 1 106 > IF
106 CHECK.ARRAY ( CHECK 1 :=
" *" "TYPE

THEN
1 CHECK + CHECK : =
LOOP
\ " " "TYPE
CHECK.ARRAY
,

: OELAY.TERMS
STACK.CLEAR
TIME SQRT 2 * INV Tl * TEST.THE.ARRAY.VALUES ERFC
TIME SQRT 2 * INV T2 * TEST.THE.ARRAY.VALUES ERFC ­
T-RESP :=
STACK. CLEAR
;

: GUTS
STACK.CLEAR
OELAY.TERMS
BI.COEFF
-1 L ** *
GAMMA32 N K + L - ** *
T-RESP *.,

: SUMMATIONS



•

•

5TACK.CLEAR
a THERM.RE5P :=
a N :=
M a DO
N NN :=

a K :=
NN 1 + a DO
K KK :=

a L :=
KKl+ 000

GUT5
THERM.RE5P + THERM.RE5P :=

L 1 + L :=
LOOP

K 1 + K :=
LOOP

CR
N 1 + N :=
LOOP

;

: REAO.OSET
CR " INPUT FILEN1lME: " "TYPE
"INPUT FN1lME ":=
FN1lME DEFER> FILE. OPEN
H(T) FILE>ARRAY
FILE. CLOSE
;

: REAC.P10
CR " IPUT FILEN1lME *.Pla : " "TYPE
"INPUT FN1lME ":=
FN1lME DEFER> FILE. OPEN
l SUBFILE Hl FILE>ARRAY
2 SUBFILE H2 FILE>A.-rœAY
3 SUBFILE H3 FILE>ARRAY
4 SUBFILE H4 FILE>ARRAY
5 SUBFILE HS FILE>ARRAY
6 SUBFILE H6 FILE>ARRAY
7 SUBFILE H7 FILE>ARRAY
8 SUBFILE H8 FILE>ARRAY
9 SUBFILE H9 FILE>ARRAY
la SUBFILE H10 FILE>ARRAY
FILE. CLOSE
,



•

•

: WRITE.P10
CR " INPUT FILENAME *.P10
"INPUT FNAME ": =
FNAME DEFER> FILE. OPEN
1 SUBFILE Hl ARRAY>FILE
2 SUBFILE H2 ARRAY>FILE
3 SUBFILE H3 ARRAY>FILE
4 SUBFILE H4 ARRAY>FILE
5 SUBFILE H5 ARRAY>FILE
6 SUBFILE H6 ARRAY>FILE
7 SUBFILE H7 ARRAY>FILE
a SUBFILE Ha ARRAY>FILE
9 SUBFILE H9 ARRAY>FILE
10 SUBFILE H10 ARRAY>FILE
FILE. CLOSE

: LINDA
THERM.RESP
H(T) SUB[ 0 , 256 ) ZREAL
CONV.APER
SUB[ 0 , 256 )
DUP AMAX [ 256 ) 1
;

: LINDA.INV
THERM.RESP
R(T) SUB[ 0, 256 ) ZREAL
CONV.APER
SUB[ 0 , 256 )
-1. *
DUP AMAX [ 256 ) 1
;

: DEFAULT
400.E-9 L2 :=
10.E-9 L3:=
450.E-9 DEP :=
0.5E-7 ALPHA2 :=
0.5E-7 ALPHA3 :=
0.5E-7 ALPHA4 :=
1.1 B32:= 0.9 B34 :=
500.E-9 TIHE.RESOLUTION :=
1 K :=
FIX. VALUES
;

: SAVE.HT
R(T) SUB[ 0 , 256 ) ZREAL
DUP AMAX [ 256 ) 1

" "TYPE



•

•

;

\ INPUT. VALUES
\ VALUES - PRINTS OUT THE VALUES
\ FIX. VALUES
\ SUMMATIONS



•

•

AppendixE

The Asyst software program to ca1culate the thermal inverse mode
photopyroelectric response of the four layer model.
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• \ FOUR LAYER THEORY AUG 30 92
\ PROGRAM: 4LTHRPVD.LEN (ASYST SOFTWARE)
\ POLYMER BULK LAYER, L2, CONTAINS ALL RELECTIONS
\ ALIENGEO LAYER, LAYER3, CONTAINS NO REFLECTIONS
\ INVERSE THEORY

\ DECLARE THE VARIABLES

INTEGER SCALAR MARC
SCALAR M
SCALAR N

OP.REAL OIM[ 256 ) ARRAY TIME
OIM[ 256 ) ARRAY T-RESP \ TIME RESPONSE
OIM[ 256 ) ARRAY THERM.RESP \ THERMAL RESPONSE
SCALAR GAMMA34
SCALAR GAMMA32
SCALAR XX
SCALAR ALPHA2
SCALAR ALPHA3
SCALAR ALPHA4
SCALAR B32
SCALAR B34
SCALAR DE?
SCALAR L
SCALAR 0
SCALAR TIME. RESOLUTION

REAL OIM[ 256 ) ARRAY Hl
REAL OIM[ 256 ) ARRAY H2
REAL OIM[ 256 ) ARRAY H3
REAL OIM[ 256 ) ARRAY H4
REAL OIM[ 256 ) ARRAY H5
REAL OIM[ 256 ) ARRAY H6
REAL OIM[ 256 ) ARRAY H7
REAL OIM[ 256 ) ARRAY H8
REAL OIM[ 256 ] ARRAY H9
REAL OIM[ 256 ] ARRAY H10

COMPLEX OIM[ 4096 ] ARRAY H(T)
15 STRING FNAME

\ WORDS TO INPUT THE EXPERIMENTAL PARAMETERS

•
: INPUT. VALUES
NORMAL.OISPLAY
SCREEN. CLEAR
CR " POLYMER LAYER
CR"
CR

THICKNESS: ""TYPE #INPUT L :=
OIFFUSIVITY: ""TYPE #INPUT ALPHA2 :=



• CR " ALIEGNED LAYER THICKNESS: ""TYPE IINPUT D :=
CR " DIFFUSIVITY: " "TYPE IINPUT ALPHA3 : =
CR
CR " PVDF LAYER DEPOLED THICKNESS: " "TYPE IINPUT DEP :=
CR " DIFFUSIVITY: " "TYPE #INPUT ALPHA4 : =
CR
CR " POLYMER-ALIEGNED INTERFACE B32 ""TYPE IINPUT B32 :=
CR " ALIEGNED-PVDF INTERFACE B34:" "TYPE IINPUT B34 :=
CR
CR " NUMBER OF SUMMATIONS DESIED : " "TYPE IINPUT M :=
CR " TIME.RESOLUTION ""TYPE IINPUT
TIME.RESOLUTION :=
;

: VALUES

l.E-

" "TYPE ALPHA4

CR CR"TYPE

= GAMMA34 : " "TYPE GAMMA34
* = GAMMA32 : " "TYPE GAMMA32
XX: ""TYPE XX •

DIFFUSIVITY: (ALPHA4 E-7)

TIME.RESOLUTION : (E-9) " "TYPE TIRE. RESOLUTION

NORMAL.DISPLAY
" PROGRAM : 4LTHRPVD.LEN "
SCREEN. CLEAR
-1. 2. FIX. FORMAT
CR " POLYMER LAYER THICKNESS: L (nm) ""TYPE L 1. E-9 / •
CR " DIFFUSIVITY: (ALPHA2 E-7) ""TYPE ALPHA2 1.E-
7/.
CR
CR " ALIEGNED LAYER THICKNESS: D (nm) ""TYPE 0 1.E-9 / •
CR " DIFFUSIVITY: (ALPHA3 E-7) ""TYPE ALPHA3 1.E-
7/.
CR
CR " PVDF LAYER DEPOLED THICKNESS: DEP (nm) " "TYPE DEP
1.E-9 / •
CR"
l.E-7 / •
CR
CR"
9/.
CR
-1. 4. FIX.FORMAT
CR " POLYMER-ALIEGNED INTERFACE B32 : " "TYPE B32 •
CR " ALIEGNED-PVDF INTERFACE B34:" "TYPE B34
CR
CR " NUMBER OF SUMMATIONS DESIED: (M) ""TYPE M
CR
CR " (1-B34)/(1+B34)
CR "(1-B32)/(1+B32) -1
CR CR "
;

•
: FIX. VALUES
1 B34 - 1 B34 + /
1 B32 - 1 B32 + /
GAMMA34 GAMMA32 * 1
TIME []RAMP
TIME 1. - TIME :=
0.1 TIME [ 1 ] :=

GAMMA34 :-
-1. * GAMMA32 :=
+ INV GAMMA34 GAMMA32 + * XX :~



•

•

TIME TIME.RESOLUTION * TIME :=
;

\ CALCULATE THE THERMAL TIME CONSTANTS

: Tl
2 L N * * ALPHA2 SQRT /
2. D * ALPHA3 SQRT / +
DEP ALPHA4 SQRT / +
;

: T2
2. L * N * ALPHA2 SQRT /
2. D * ALPHA3 SQRT / +
9.E-6 ALPHA4 SQRT / +
;

: T3
2. L * N 1 + * ALPHA2 SQRT /
DEP ALPHA4 SQRT / +
,
: T4
2L*N1.+* ALPHA2SQRT/
9.E-6 ALPHA4 SQRT / +
;

: T5
DEP ALPHA4 SQRT 1
2 L N * * ALPHA2 SQRT 1 +
;

: T6
2 L * N * ALPHA2 SQRT 1
9.E-6 ALPHA4 SQRT 1 +
;

: T7
2 L * N 1. .. * ALPHA2 SQRT 1
D ALPHA3 SQRT 1 +
DEP ALPHA4 SQRT 1 +
;

: Ta
2 L * N 1. + * ALPHA2 SQRT 1
D ALPHA3 SQRT 1 +
9.E-6 ALPHA4 SQRT 1 +
;

: T9
DEP ALPHA4 SQRT 1
,



• : T10
9.E-6 ALPHA4 SQRT 1
i

: ERFC
ERF 1 SWAP -
i

OP.REAL OIM[ 256 ] ARRAY CHECK.ARRAY
INTEGER SCALAR CHECK

\ CHECK THE ARGUEMENTS FOR THE ERFC FUNCTIONS
\ IF THEY ARE TOO LARGE THE PROGRAM WILL CRASH
\ SET THE MAXIMUM VALUE TO 106 AND IF THE
\ ARGUEMENTS ARE TOO LARGE PUT A FLAG ON THE SCREEN

: TEST.THE.ARRAY.VALUES
CHECK.ARRAY :=
1 CHECK :=
10 0 DO
CHECK.ARRAY [ CHECK ] 106 > IF
106 CHECK.ARRAY [ CHECK ] :=
" * " "TYPE
THEN
1 CHECK + CHECK : =
LOOP
"
CHECK.ARRAY
i

" "TYPE

•

: FIRST.TERM
T9 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC
T10 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC -
i

: SECONO.TERM
o T-RESP :=
Tl 2 TIME SQRT * 1 TEST. THE. ARRAY •VALUES ERFC
T2 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC - GAMMA32 *
T3 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC
T4 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC - GAMMA34 *
GAMMAJ2 * +
T-RESP :=
T5 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC
T6 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC - GAMMA34 *
T7 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC
T8 2 TIME SQRT * 1 TEST.THE.ARRAY.VALUES ERFC - +
T-RESP + T-RESP :=.,
: SUM.SECONO.TERM
o N :=



• O. THERM.RESP :=
M a DO
SECOND.TERM
-1. N ** XX N ** *
T-RESP * THERM.RESP + THERM.RESP .­
N 1 + N :=
LOOP
;

: GO

FIX. VALUES 1
SUM.SECOND.TERM 2
FIRST.TERM \ -1. * 3
THERM.RESP + 4
THERM.RESP := 5

THERM.RESP -1. * THERM.RESP .-
;

\ FILE HANDELING ROUTINES

: READ.DSET
CR " INPUT FILENAME: " "TYPE
"INPUT FNAME ":=
FNAME DEFER> FILE. OPEN
H(T) FILE>ARRAY
FILE. CLOSE
;

: REAn.P10
CR " IPUT FILENAME *.Pla : " "TYPE
"INPUT FNAME ":=
FNAME DEFER> FILE. OPEN
1 SUBFILE Hl FILE>ARRAY
2 SUBFILE H2 FlLE>ARRAY
3 SUBFILE H3 FlLE>ARRAY
4 SUBFILE H4 FlLE>ARRAY
5 SUBFlLE H5 FILE>ARRAY
6 SUBFILE H6 FlLE>ARRAY
7 SUBFlLE H7 FlLE>ARRAY
8 SUBFlLE H8 FlLE>ARRAY
9 SUBFlLE H9 FlLE>ARRAY
la SUBFILE H10 FILE>ARRAY
FILE. CLOSE
;

: WIUTE.P10
CR " IPUT FlLENAME *.P10 : " "TYPE
"INPUT FNAME ":=
FNAME DEFER> FlLE.OPEN
1 SUBFILE Hl ARRAY>FlLE
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2 SUBFILE H2 ARRAY>FILE
3 SUBFILE H3 ARRAY>FILE
4 SUBFILE H4 ARRAY>FILE
5 SUBFILE HS ARRAY>FILE
6 SUBFILE H6 ARRAY>FILE
7 SUBFILE H7 ARRAY>FILE
B SUBFILE HB ARRAY>FILE
9 SUBFILE Hg ARRAY>FILE
10 SUBFILE H10 ARRAY>FILE
FILE. CLOSE
;

: LINDA
THERM.RESP
H(T) SUB[ 0 , 256 1 ZREAL
CONV.APER
SUB[ 0 , 256 1
DUP ~MAX [ 256 1 1
,

: LINDA.INV
THERM.RESP
H(T) SUB[ 0 , 256 1 ZREAL
CONV.APER
SUB[ 0 , 256 1
-1. *
DUP ~MAX [ 256 1 1
;

: DEFAULT
400.E-9 L :=
1.E-9 D:=
450.E-9 DEP :=
0.5E-7 ALPHA2 :=
0.5E-7 ALPHA3 :=
0.5E-7 ALPHA4 :=
1.1 B32:= 0.9 B34 :=
500.E-9 TIME.RESOLUTION :=
1 M :=
FIX. VALUES
VALUES
;

: SAVE.HT
H(T) SUB[ 0 , 256 ] ZREAL
DUP ~MAX [ 256 ] 1
;

\ WORDS TO RUN THE PROGRAM
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\ INPUT. VALUES
\ VALUES - PRINTS OUT THE VALUES
\ FIX. VALUES
\ GO
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Appendix F

Parallel port communication between three computers
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Modifying the parallel for read/write communication.

A PC primer pOrl is designed to he output only as communication between a computer

and printer is unidirectional. FOrlunately, it is easy tO modify a common primer pOrl to

a1low both input and output. and the modification should not effect normal operation.

The standard printer interface uses a 74LS374 (Motorola) to drive the output connector,

and an input buffer tO read back the State of the output pins is already provided.

According to the mM Options and Adapters Technical Reference, the '374 is at U4l on

the monochromelprinter adapter, at VI8 on the AT serial/parallel adapter and at U4 on

the plain primer adapter. The '374 is an 8-bit latch with tti·state outpUts. In the original

design OE (pin #1) is grounded, always enabling the outputs. If you liberate !bis pin

from ground and connect it instead to a spare output bit on the 74LS174 hex D latch that

drives miscellaneous printer controllines. You can control the read/write selection of the

'374 by controlling this line.

The '174 is located at U39 on the monochrome board, at U4 on the AT serial/parallel

card and U7 on the plain printer adapter. The pin from '174 that you want to control the

port is the one that latehes BD5 from the data bus. On the monochrome card and plain

printer adapters this is pin #15, while it is pin 10 on the AT serialIparallel card.

?rinter port (plain) is diagrammed in Fig. F-l. To make the port bi-directional the pin #1

from LS374 was cut and attaehed te pin #1 of the 26 pin printer connecter. By writing a

TrI.. low the printer port writes 8 bits from the bus te the parallel port. By writing a TrI..

high the printer port reads the 8 bits al the parallel port and puts the values on the bus.
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The pin out of the primer port is diagrammed in Fig. F-2. Pins 2-9 are located at the base

address (BA) and are the lines for writing and reading the data from the parallel ports.

Pin #1 (BA+2) is used tO control the POrt being in read mode or write mode. Pin 12

(BA+I) and pin 14 (BA+2) are used for handshaking.

The pin tO pin connections for communications between three computers is illustrated in

Fig. F-3.
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Fig. F-2. Pin diagram ofa printer port showing the base address and offset

ofeachpin.
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APPENDIXG

Construction ofaXY-translator
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A XY·translator was conslI'Ucted using two micrometers (Ealing Scientific). two high

precision motoTS <Compumotor #s57·5 l-mo. Le Groupe Rotalec. St. Laurent. P.Q.) . twO

DB drives ( Compumotor. Le Groupe Rotalec. St. Laurent. P.Q.). and a single 24VDC.

4.8 amps. linear power supply (#55067 Active Electronics Montreal. P.Q.). The DB

drives are designed to convert 1TL pulses tO rotation of the shaft of the drive motor.

Jumpers on the DB drives allow the user to select resolution between 200 1TL pulses per

shaft resolution to 25.400 1TL pulses per shaft resolution. The exact resolution of the

XY-translator depends not only on the step size but on the quality of the micrometer and

the hYSleriS in the connection between the motorS and micrometers. In theory the XY­

translator can provide nanometer resolution but in practice we used only 100 pm

resolution. This was acheived by setting the jumpers to 200 1TL pulses per resolution

and moving the axis 40 pulses for each step. The s-motorS generate a large amount of

heat when they are not translating and should either be shut off when not being used or

mounted on a good heat sink.

The owners manuals for the DB drives and s-motorS provide a range of wiring options

depending on the required torque, the required spatial resolution and load being driven.

We needed four signal lines (two tO send output pulses and IWO 10 set direction of

movement of 2 different motors) to run the translator. In practice we found !hat a single

1TL pulse from our data aquisition board did not provide enough current tO the DB

drives for reliable translation. To solve this problem IWO output lines from the data

aquisition board went to each control point of the DB drives. To do this the digital out

lines were used. Writing a binary 1100 ooסס was one signal 0011 ooסס was a second and

soon.
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The software program tO run the translator C'Translat.img") is included in this appendix.

This panicular version is run in conjunction with other computers and is used in

generating the 3-D photothermal images. The program operates as follows:

"Low.res.image·· runs the program

- the direction is chosen to be vertical and the number of steps between positions

40.

- a 100 msec. delay lets the eleclI'Onic jiner seme before a new move is initialed

- the data aquisition board is set tO output a signal on its binary channel and the

translator is moved by outpuning the correct number of pulses.

the direction (x and y or forwards and backwards) are always noted so that

translator never drives the spindle of the micrometer into the base of the micrometer.
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• , FILE, "ffiASSLAT.I~G

, OAlE, SOV 3092
\ pl'OIratn 10 rad in aail (rom the master eompuler
\ ~ tfmslate the IY mll:romcten a sel disWlCC

\ dcclar the sa!.an

I~TEGERSC,\l.AR~C
I~TEGER SCAlAR G
I~TEGER SCAlAR li
I~TEGERSCALAR <:RA\!

SCAlAR l.LSSB
SCAlAR~~lI

SCAlAR OlREcnOS.VER11CAL
SCAlAR OlREcnOS.lIORIZO~'TAL

SCAlAR PL1.SElI.VER11CAL
SCAlAR PL1.SE'.HORIZO~'T AL

I~TEGEROI~( 1 J ARRAYTTLVOLTAGE
OP.I~TEGER SCAlAR Tl1.SEG
TTLVOLTAGEAOORESS. Tl1.SEG '"
REAL SCAlAR X

,GGO \SE."O ASTE?
l.LS:-1l893O PORT.OL'T
~NB8931 PORT.OUT

,SCA.".THE.IMAGE.VER11CALLy \ THIS MOTOR IS LEFT OX ALL nIE11ME
O. MMSNB := \ NO EFFECT HORIZOl'o'TALLy

PL'LSEII.VER11CAL 0 00 \40 STEPS =0.1 MM FOR 200 STEPSIREV.

•

oOlREcnON.VER11CAL + l.LSl'oll:= \ooWN
S. MSEC.DElAy

GGO
3DIREcnON.VER11CAL + l.LSl'oll:= \ UP
S. MSEC.OElAy

GGO
LOOP

: SCAN.THE.IMAGE.HORIZOl-'TALLy
\MlJST TL'R." ON nIE MOTOR BEFORE EXEClJTING
\ TO 1'REVElo'T OVER IIEATING MOTOR IS SIIù'TOF WHILE SOT BEING tJSEO

\ TtIRN ON THE MOTOR
949890 PORT.Ol.lT\SETBOARD ANALOGUE
14S3S PORT.OUT \ SETS THE COMPUTERTHE WRrŒTO AlDCIIA.'INEL'\

\ Tù"RN ON THE lC'l·mANSLA110N MOTORS
.S. TTLVOLTAGE,.
TIt.SEG œF.sEG
OPSEK \1026PORT.OUT \READLEASTSIG BIT A....1>WRrŒ ITOù'T
\ PSEK \lOZ7PORT.Où'T \' MOST" • • ••

\SETTHE BOARDTO DIGITAL CO!<"IROLTO MOYETHE lC'l.MOù"l'o'T
849890PORT.OUT \BOARDSET BINARY
08930 PORT.OL'T
0893\ PORT.OUT



• :!SOO. ~EC.DEl.AY\ AllOWTI~ FOR TIlE ~OTOR \\':-ôDI:-ôGS TO E:-'"ERGIZE

O. LLS:-ôB := \:-ô0 EFFEcr I:-ô TIlE VERTICAL DIRECTlO:-Ô

PL1.SE'.HORlZO:-'ïALO DO
oDIRECTlO:-ô.HORlZO:-'ïAL - \OO:-ÔB:= \ DOW:-Ô
S. \!sEC.DELAY

GGO
) DlRECTlO:-Ô.HORlZO:-'"TAL - ~~:-ÔB:= \ L'P
S. ~EC.DELA y

GGO
LooP

\n:R.-: OFF ~OTOR

949890 PORT.OLï\SET BOARD A.-:ALOGL'E
14835 PORT.OLï \ SETS COMPLïER TO WRlTE TO ND CHA:-ô:-'U '1

\ TL"R.-: XY-TRA.-:SLATOR ~OTOR OFFTO PREVE:-.ï
\ IT FRO~ BL"R.-:I:-ôG OLï

~048 TT1.VOLTAGE:=
TI1.SEG DEF.5EG
o PEEK 130"..6 PORT.OI.ï
1PEEK 130Z7 PORT.Ol.ï

\PART' EXECl.ïE TIlE ~OVE.\IE'oï OF TIlETRA."SLATOR

:SSTART

o Pv1LSE'.HORlZOl'oïAL < IF
SCA.-:.THE.lMAGE.HORlZOl'oïALLY TIlE:'

o PI.1.SE'.VERTICAL < IF \ MUST CHECK FOR1lIE CASE OF
SCA.-:.THE.L\lAGE.VERTICALLy TIlE:'\:'i0 MOVEMEl-ïSELEClED AS ASYST

\ wn.L MOVE AT LEAST 1S1ëP \lIN1MUM

: TRA.-:SLATE

\SET1lIEBOARDTODlGITALCONTROL TOMOVE1lIEXY.MOv-:-'ï
84989OPORT.Ovï \ BOARD SET BlNARY
o 8930 PORT.OI.ï
08931 PORT.Ovï

SSTART \ USER lNPvïS 1lIE MOVES &: 1lIESIEPPER MO'ŒRTIlE:' MOVES

•

949890 PORT.OUT\BOARD SET TO Al'ALOGI.'E
04&35 PORT.Ovï \SETS COMPlJïERTOWRITETO AlDCHA.,....UlIO

: HA.'"DSHAKE

0632PORT.0I.ï \rMREADY, SE:'iD 1 BYTE
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bq.. \SAMPl.EHANOTIll BYlElSSE.....
stxk.dear
633 pon.m 8/ \ samplc handshake Iinc
18 = \ If 18 is on the staek thcn rcady ~o move

untll

1632PORT.Ol' \ GOT lT. OO:-'ïSENO ANY l.10REOATA

~G. G:=
TRA."SUTE

begin \ WAlT TIll THEY ARE REAOY WlTH ANOTIlER BYIE
staek.dcar
633 pol'Lln 8/ \ samplc handshake Iinc
20 ::1 \ if 9 IS on the suc.k thcn Cresh byIc wu sent

until

0632 PORT.Ol'

:TRA....'SSHAIŒ

0632 PORT.al. \rM READY. =0 1 BYIE
bqin \SAMPLE lIA."OTIll BYlEIS SE'o'

Sladt.c1cIr
633 po"'in 81 \sampl. handshakc: li..
18= \ifl8 ison Ihc: suck lIx:n n:Il!y 10 move

IlllÛl

1632PORT.OL' \ GOTlT.DOl'oïSE'o"DA.'"YY10REOATA

TIlANSLATE

bqiD \WAlT11U.. TIlEYAREREADYWlTHANO'IHERBYIE
Sladt.dcar
633 po"'in 81 \sampl._linc
20 = \i!9 is on Ihc: _ ÛlCll flab by1c .... _

lIIIÛl

0632 PORT.OUT

: LOW.RES.lMAGE
CR CR " -SYSTEM IS 1NmALlSED""nPE
CR CR" THE COMPtl'ŒRTO CONTROL THETRANSLATORIS READY _ ""nPE

40 PULSEI.VER'IlCAL:= 0 PVLSEI.HORlZONTAL:=
1201RECl10N.VERTlCAL '" 0 01RECl10N.HORIZONTAL:=

1H '" \HORIZONTAL
1G:- \ VERTICAL
1S:s

~O 00
49000

IIA.'"DSIIAIŒ
LOOI'

OPULSEI.VERTICAL:- \MOVEHORlZO!'o"rALLYI L"loo1T



• 40 PLLSE•.HORIZO),ïAL :=
iRA~SSHAIŒ

oPLLSE•.HORlZO),ïAL :=
DIREcno~.\'ERnCAL CASE

l~ OF.- "0 DlREcno~.VERnCAL:=
·l.~:=50G:= E~DOF

OOF.- " I~ DIREcno~.\'ERnCAL ._
1. ~:= 1G := E~DOF

E."DCASE

40 PLLSE•.VERnCAL :=

H.
H t ... H:=

LOOP

CR CR CR CR
......................................................... -rYPE CR

"--TL"R."OFFMOTORSATSWITCH --- ""TYPE CR
CR CR CR

_______ " "TYPE CR

•

......................................................... "'TYPE CR
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Appendix H

Construction of the spectrophotometer
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A spectrophotometer was constructed as shown in Fig. H-l. The incident

light beam is split into two components. The tirst is directed onto a reference

photodiode (Hamamatsu s1226-44itb) to record fluctuations in the source.

The second component is directed onto the sample. Collection optics collect

the transmitted light and direct it onto the photodiode detection surface. The

strongly degraded samples scattered light and large refractive index changes

which made collection of all transmitted light difficult. The two outputs were

directed into a electroni~ switching mechanism which allowed the computer

to read one signal at a time. The transmitted light in the c1ear undegraded

region of the film was taken as the light directed onto the sample.
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"

Fig. H-1 Schematic ofthe spec:trophotometer. The wavelenght ofinterest is
split into two beams. The first component is directed onto photodiode #1
(Hamamatsu sl226-44kb) which records fluctuations in the light source.
The second component is directed onto the sample and the transmitted
component is recorded by photodiode #2. The two photodiodes are read
sequentially by switehing the signal using a ADG20lA electronic switch.



• \OPT-DE:>S.DOC
\ APROGRA.\1 TO RECORD TIŒ SPECTIl.OPHOTOMETRIC IMAGE OF POLn!ER
\SA.\IPLES
\ TIŒ PROGRAM t:SES TIŒ IBM DATA AQL1smo:> BOARD
\:>0 SERIAL :>t:MBER ISO:> TIŒ BOARD A:>O:>O I:>DE....TlFYI:>G :>AME

\ DECLARE TIŒ VARIABLES

1)'"ffiGER SCALAR MARC
REAL 0l~1I 50 . 50 . ~ 1ARRAY STOREAVG \ slore the data from Qch rua
REAL SCALAR 0
REAL SCALAR Q
REAL SCALAR BKGD
REAL SCALAR SAMPLE
1)'"ffiGER OlMI 50 1ARRAY DBA.-:K
1)'"ffiGERSCALAR MS \holels Ille me.. sig. byte: or data
l)'"ffiGER SCALAR LS \ holels Ille1_sig. byle or da..
1)'"ffiGER SCALAR MS),lI \digila! ob. _v. ID MS
1)'"ffiGERSCALARLS),lI \digila! ob.cquiv.IDLS

DP.Il'o"ffiGER SCALAR BA.-:KSEG
r.."ffiGER SCALAR LB
I)'"ffiGER SCALAR liB
1)'"ffiGER SCALAR Lw:"B
I)'"ffiGER SCALAR HGNB
r.."ffiGER SCALAR G
1:o."ffiGER SCALAR H

2S S1RING FII.ESA.\IE
40 SlRING SPECIFICSI
40 S1RING SPECIFICS2
40 SlRING SPECIFICS3
40 S1RING SPECIFICS4
40 STRING SPECIFICSS

REAL SCALAR :0."9
SCALARNI
SCALARNIS

\ gives the addrcss of DBASK
\ lcast sis. bylc oC data incomina
\ upper byte: ordata incomUlB

\ digil&l Db. equiv. te LB
\ digital ab. cquiV.1O L"P

\ commc:nts lO aa:ach tG tbe files

•

r.."ffiGERDlM(SO 1ARRAYOBANK2
DP.Il'o"ffiGERSCALAR BA...."KSEG2
t:'l"lEGER SCALARLB2
t:'l"lEGERSCALAR 11B2

: r..'PUT.VALIJES
\a1I_ dlc user ID ÏDpulIC1cvllll ponosncsm
NQR.\lAL.DlSPLAY
SCREEN.CLEAR
CR" SETXY-'1RANSLATOR1'0STARTINGPOSmON MANI:Al.LY" '"l'YPE CR CRCR
CR "'OFAVGSATEACHP01!'<T? "'"l'YPE'INPUTNI '"
CR" RA....'DOM SA.\IPI..lNG DELAY?" ïYPE '1!'<'PUTSIS '"
CR CR CR
":0.11"""= IS A LOW RESOLI)'TI0N PLOT (50 X50 1" ïYPE CR CR

:START
\SCSI op lllc dosa oquisilioll boosd
OLS", \SETS COL"l'o"IER1'0ZERO
o DBA....'K '" \SETS THE 1!'<'FO ARRAY TC ZERO
DBA....'KADDRESS. BA....'KSEG'" \dhonItaddscssilround
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OLB ,=
ot:B ,=
oSTOREAVG ,=
949890 PORT,OL'
1h := \ H A:-'1) G ARE CO-OROS FOR l1Œ DATA ARRAY
1 G:=

OOBASIC :=
OBA."'IC ADDRESS. BASKSEG2::
OLB2 ;=

Ot.:B2:=

:READ2BlT

1738 PORT,OL'
0739 PORT,OL'
0738 PORT.OL'
0739 PORT.OL'

8930 PORT.lS LW:-;B :=
8931 PORT.lS HGSB:=

:STORE2BlT

ILB+CB:=
B......;KSEG dcC.sq
LW:'-'B LB pokc
HG:-''B CB poke

lLB+UB=
BA.'lKSEG2 dcC.sq
LWNBLBpokc
HGNBUBpokc

: PROCESSPOOO
\ proccu dlC: biIwy data lIlCI ........10 volIS
DB....'lK. 4. • DBANlC '" \OFFSET <XlRREC!10N ON l1Œ BOARD
DBANlC S\;'B( l ,ni, 1) MEAN D..
DI0"4096/5. D", \CONVERTBITS TO VOLTS
D SAMPLE:= \NOTtlSINGAREVERSEOBIAEDDIODE·1
DIIAA'K2 1. DIIANIC .. \OFFSET CORREC1l0N ON THE BOARD
DBA.''K2SUB( l,nl,ll MEA,";D",
D 10' 4096/5 - D '" \CONVERT BITS 10VOLTS
DBKGD",

:DATASTORE
\ !'o'EED10 USE 51 H- ORTHE IMAGE COMES OUT BACKWARCS
SA.\lPLE lo"TOREAVG (51 H· ,G,: ) :=
BKGD STOREAVG(51 H-,G,21 '"
SA.\IPl.E•
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:OPTIMIZE

\ type: this word 10 opumize the POSItions of the photodctcaon
\ the photodiode rcadings are outp.lt te the sac:cn

SOR.\lALDISPl.Ay
"\\'E WILL SOW OPTIMIZE THE TWO POSmoss OF THE PHOTODIODES \\1TH ""Tt'PE
" RESPEcr TO THE ISCOMISC LICHT SOL"RCE ·"Tt'PE CR CR
" ... FlRST THESA~E PHOTODIODE~D PVDF OS S\\1TCHl ""TYPE CR
" HlT SPACE BAR TO START .... TIŒ.... ACAIS WHES YOl: ARE 00~'E " "TYPE
0632 PORT.On
BECIS
PCIŒY32=
l:~ïIl..

STACK.CLEAR

BECL... 0 LB :=
10000

RA.''D.L':'lF lO.• ~EC.DELAy
READ2BlT
STORE2BlT

LOOP
DBA....K4.• OBA.'"K:= \3 =.009S 4.0.0018
DBA.'"KSUB[I.l0.1 JMEA.... 0:=
010.'4096/5. 0:=
o .CR\t;SISC AREVERSED BIASED P.O.

STACK.CLEAR
?IŒY
L~ïIl..

STACK.CLEAR

" •• SECOND THE BACKCROL~'D PHOTODIODE (MARIŒD P.D. ON SWITCIl) " "Tt'PE CR
" HlTSPACEBARTOSTART _ TIel ACAlNWHE:-iYOU ARE ool'o'E " "TYPE

1632 PORT.OL'T
BECIN
PClŒY32=
L~ïIl..

STACK.CLEAR

BECilN 0LB :=.
10000
RA.''D.L~1FlO.·~c.oELAY

READ2BIT
STORE2BlT

LOOP
0BA.'"K4." OBA.'"K:=
OBA.lI;KSIlB[ 1.10.1 JMEAN 0:=
010.'4096/5. 0:=
O. CR

?IŒY
L~ïIl..

STACK.CLEAR

: Ci'ETlPOI!'o'T
2OQ. SIS' 2.' ~C.OELAy
0632PORT.Ou'T \SETSWITClITOTHE PVIlF
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OLS:=
OLS:=
ni ocio

RASO.l:SIF nIS· MSEC.DELAy \r=dom dc1ay bct\llec:rt tûmg pomu
READ2BIT \ 10 mlZunuzc urnphng crror
STORE2SIT

I<>op

1632 PORT.OL. \ SET SWITCH TO TIlE PHOTODIODE

OLS :=
OLS:=
ni Odo

RASO.t:SIF n15 • MSEC.DELAy \ random dc:1ay bctwcc:n uking points
READ2BIT \ 10 mmtmizc samphng c:nor
STORE2B1T2

loop

PROCESSPOI:-"
DATASTORE

:5AVECQPY
\ ".Lm. LOW RESOL."; I~GE

CR" L'"Pt.. FlLEXA.\lE ".Lm ""TYPE
"I:-'"PUTFlLEXA.\lE ";:

FlLEXA.\lE DEFER> Fll.E.OPEN
CR" l:-."PUTFRr:QL"ENCY. WAVEl.ENGTH A,";DOnŒRSPECIFICS""T'iPE
CR "I"""TYPE "I:-."Pü'SPECIFICSI ";:
CR" 2" ""TYPE "I:-."Pt.'SPECIFICSl"",
CR" ] """TYPE "I:-."Pt.'SPECIFICS3 ";:
CR" 4" ""TYPE "lNPtlTSPECIFICS4 ";:
CR" S" ""TYPE "I:-."PUTSPECIFICSS ";:

SPECIFICSI 1>COMMENT
SPECIFICS22 >COMMEIo'
SPECIFICS] ] >COMME!'o'
SPECIFICS44 >COMMENT
SPECIFICSS S >COMMENT

1SL'BFlLESTOREAVG ARRAY>FILE

Fll.E.a.OSE

:READDISK

CR "l!'o"PUTFlLENAME - ".LRI " ""TYPE
'1:'o"PUT FlLENAME";:

FlLEXA.\lE DEFER> Fll.E.OPEN
1COMMENTS
1SÜ'BFlLE STOREAVG FlLE>ARRAy
Fll.E.a.OSE

: TElCTIT.4FlLES
'sa.es dlc opcica1 dcllJity imqesa. '"'" fil.



•

\

•

READDISK
STACK.C!.EAR
CR - I:-'l'lïTIlE 1EXT FlLE."A~lE FOR TIlE 00 I~IAGE- -TYPE "I:>PLï
DEFER> Olï>FIl.E
1H::
.'<J 0 DO

1G "
.;Q 0 DO
STOREAVGIG.H.l). -.- -nl'E
IG-G"
looP
CR
1H-H::
looP
Olï>FlLE.a.OSE

:~KEFlI.E

FlLE.TE.\lPLATE
5CO~ï5

. REAL Dl~( 50. 50 •~ ) St:BFIl.E
E:>D

, ••• St.:BROt.-rr.--'ETOMOVETHETRA.'iSlATOR •••••

\ PART 1DEF!l'<"E VARIABLES

l:-'ïEGER SCALAR CRA."d
SCALAR u.sNIl
SCALAR~NB

SCALAR DIRECTION.VERTICAL
SCALAR DIRECTION.HORlZO!'ïAL
SCALAR P1;'L5a.VERTICAL
SCALAR P1;'LSa.HORlZO!'ïAL

l:\ïEGER OlMI Il ARRAYTIl.VOLTAGE
DP.l:\ïEGER SCALAR TTLSEG
TIl.VOLTAGE ADDRESS. TTLSEG:=
REAL SCALARN

:GGO
u.s:-.'B 8930 PORT.OLï
~:-''B 8931 PORT.OLï

:SCA.".lHE.IMAGE.VERTICALLY\TIII5 MOlOR lS LEFT·ON ALI.1lŒ llME
O. M."d5:-.'B:= \NOEFFECl'HORlZO!',.ALl.Y

PL'LSa.VERllCAL 0 DO \40 STEPS =0.1 MM FOR 200 STEPSIREV.

o DIRECTION.VERTICAL. LLS:-.'B:= \DOVIN
5. MSEC.DELAY

GGO
3 DIRECTION.VERTICAL + LLS:-.'B =- \ tlP
5. MSECDELAY

GGO
LOOP
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,SCA:>.TIŒ.IMAGE.HORJZO:>ïALLy
\Mt;STTI."R."O:>nŒ MOTOR BEFORE EXECL"TI:>G TO PREVE.'ïOVER HEATI:>G

\ TI."R." 0:> nŒ MOTOR
9 49H90 PORT.OLï\SET BOARD "8ALOGL"E
14H3S PORT.OLï\ SETS THE COMPL"l"ER nŒ "''RITE TO AID CHA:>:>U '1

\ TI."R." 0 ... THE XY·TRA."SLATIO:> MOTORS
.S. Tn.VOLTAGE"
TT1.SEG OEF.SEG
oPEEK 1lOUi PORT.OLï \ READ LEAST SIG BIT A."D "''RITE IT OLï
1PEEK 13027 PORT.OLï \ - ~lOST - - - - --

\SET nŒ BOARD TC DIGITAL CO:>ïROl TC MOVE nŒ XY·~10t::>ï

H49H90PORT.OLï \ BOARD SETBI:>ARY
o8930 PORT.Olï
08931 PORT.OLï

2500. MSECDEL.AY\ ALLOW TI.W: FOR nŒ MOTCR Wl:'DI:>GS TC E:-."ERGIZE

0. u.:;."B:. \:>0 EFFECT IX nŒ VERTICAL DIRECTlO:>

PL1.SE'.HORJZ01ooïALO DO
oDIRECTlO:>.HORJZ01ooïAL. MMS1oo1l:= \ DOWS
S. MSECDELAy

GGO
3 DIRECTlON.HORJZO!'oïAL • M~ll:= \ l1'
S.MSECDELAY

GGO
lOOP

\ 1ù'R."OFF MOTORS

9 49890 PORT.OUT\SET BOARD A:"ALOGL"E
1483S PORT.OLï \SETS COMPLïERTOWRI'ŒTO AID CHA.'iSEL'1

\ TUR.'i XY.TRA.'"SLATOR MOTORS OFFTO PREVE!'oï
\ THEM FROM BL'R.'1l'G OL,

::cl48 Tn.VOLTAGE '"
TILSEG OEF.sEG
oPEEK l30Ui PORT.Olï
1PEEK IlOZ7PORT.OLï

\PART 4 EXECUTE nŒ MOVEMENTOFnŒ TRA.'iSLATOR

:SSTART

o PULSEI.HORIZO!'oïAL < IF
SCAN.TIŒ.lMAGE.HORIZO!'oïALLY nœN

o PLl.SEI.VER1lCAL<IF \MUSTCIlECKFORnlECASEOF
SCA.'i.TIŒ.IMAGE.VERTICALLY nœN\SOMOVEMESTSELEC'lëDASASYST

\ wn.L MOVE ATUiAST 1STEP MINIMtlM

:TRA.'iSLA'Œ
\SETnlEBOARDTODIGITALCO!'oïROLTOMOVEnlEXY-MOL"!'oï
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849890 PORT.On \ BOARD SET BI:iARY
o 8930 PORT.OLï
08931 PORT.OLï

SSTART \ L:SER I~l'LïS TIlE MOVES &: TIlE SlCPPER MOTER TIlE:> MO\'ES

949890 PORT.OLï\ BOARD SET TO A:-;ALOGl"E
04835 PORT.OLï \SE"lS COMPL'TER TO WRITE TO NO CHA."~"'El. 010 FOR

\ TIlE LOC!>·I:>

:LOW.RES.l~GE

START
l:'ol'Lï·VALL'ES

CR CR • SETTRA."SlATIO:i STAGETOSTARTOFTIlEL\lAGEPOSlTIO:-;' "TIPE
'nŒ:-; HlTTIlESPACE BARTOCO~ïr.<L'E • "TIPECR

BEGl:­
PClŒY32=
L~ïIL

STACK.a.EAR

CR CR • ... PLL:G l:-TIlEXY·TRA.'liSlATORANOTl'R." ONTIlESWlTCH • "TIPE
• 0:-; TOP _ nŒ:-; HlTTIlESPACE BAR TO COl'-'T1Nl'E • "TIPE CR

BEGl:­
POŒY321Z
L~ïIL

STACK.a.EAR

CRCR • PLt:G A Ll:'o'E FROM Pt:-; *20FPARALLEL PORTlO SIGNAL SWlTCH' "TIPE
CR' nŒ:-; HlTTIlESPACEBAR TOCO!'oïr.-.'L'E '''TIPE

BEGl:­
PC1ŒY~:-­

l~ïIL

STACK.a.EAR

CR CR • LASTCIIA.'liCE TO QUIT BEFOREWE START_ • "1'YPi

BEGl:-
PClŒY32=
l~ïIL

STACK.a.EAR

CR CR • GETllNG tHE IMAGE _ GO SlT ooWN FOR A WIlILE • "TIPE

4OPL'LSElI.VERTICAL '" OPL'LSE'.HORlZOl'-ïAL",
12 0lRECl10N.VERTICAL '" 0 0lRECl10N.HORlZOl'-ïAL '"

1H := \HORlZO~ïAL

1G:= \ VERTICAL
1S ==-

SOO 00

49000
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soo. MSEC.DaAy
GETIPOI~ï

SG·G,=
mASSLAiE \ VERTICAl. mASSLAiE L1' Il:SIT

\ .
?KEY IF

BEGIS
PCKEY 32 =
l:Sm
STACK-CLEAR

11IE."

LOOP
GETIPOI~ï\S011I POI~ï APRI~ï 1993

OPL1.SE•.VERTICAl.,= \MOVEHORIZO~ïAl.LYI L":ooTI
40 PL1.Sa.HORIZO~ïAl. ~

1RA."SLAiE
oPL1.Sa.HORIZO~ïAl. ~

DIRECTIOS.VERTICAl. CASE

12 OF: "0 DIRECTION.VERTICAl. ~
.I.S ~ 5OG,= ESDOF

OOF: " 12 DIRECTIOS.VERTICAl. ~
I.S~ tG", ~"DOF

E:'IOCASE

40 PL1.Sa.VERTICAl. '"

LOOP

CR CR CR CR
......................................................... "TYPE CR.

" __Tt,IR."OFFMOTORSATswrrc:H --- ""TYPECR
CR CR CR

Al.L DOliE ""TYPECR

....................................................... "~CR.

"SOiETOUSER:- TYPSLOW.RESJMAOE TOSTART ••• "
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Appendix 1

Assembler language routines to transmit and receive a 4096 point array

through a parallel port and a Asyst language progr..nl that does the signal

processing and file management for the 3-D photothermal movies.
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This appendix contains three programs.

The first is the program that did ail the signal processing of the time domain

waveforms and generates the photopyroelectric impulse response. After

processing the data it has file handling algorithms to store the data.

The second is an assembler language program that transmits a 4096 point

array from the paralle1 port ofone computer.

The third is an assembler language program that receives a 4096 point array

from the parallel port ofa computer.

The second and third programs are designed to work together and have

handsbaking routines to prevent the data from becoming lost or shuftled in

the transfer process. A 4096 point array can he transferred in under 2

seconds.
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\ Fol", PH=AL.OOC
\ D,\TEOFLAiESTVERSIO:>: FEB.~93

\ (1) TAKES r.-; nIE.lll96 POI:\ï TI~Œ RESPO:>SE FROM nIE l.l'r.
\ r-) CALCL1.AiES nIE lMPL1.SE RESPO:>SE
\ (3) SAVES nIE Fll.ES TO DlSK

HORIZO:\ïAL ORID.OFF
VERTICAL GRID.OFF
\ sctup oi ~L2 .tmys for .an.tly~is

l:\ïEGER SCALAR loIARC
DP.l:'oïEGER OlMI ~8 1ARRAYXl
DP.I:\ïEGER OlMI~ 1ARRAY YI

l:\ïEGER OlMI Sl~ 1ARRAYRX

REAL ON! 4096 JARRAY X(r) \. chamel dola amy
REAL DI!.!! 4096 1ARRAY Y(r) \ Ychamel dola amy

\dcfme:am.)'\ for FFI' ~Its

CO~ON! 40961 ARRAY H(F)
\frcqucnc:y =PO"'"

CO~DN!.lll96) ARRAYGXY(F)
\crossspcctNm

REAL DI!.!! 4096 JARRAYGXX(F)
\ input oulCSpCClNll\

REAL ON! 4096) ARRAY H(r)
\ impulse rcspoose

CO~DNl4096) ARRAYW(r)
\lilll.dcmaiIl_

COMPLEX DN[ 4096) ARRAYW(F)
\ f"'ltlCllC)l cIomain window

REAL DN( 4096 JARRAY RXY(r)
. \cross correlation fUDdion

REAL DNll6(0) ARRAYFREQ
\ rncasun:d frcqucncics in ND

\ Iower boDdwiddllimit is FREQl
REAL SCALAR. FREQ2\upper_th limit
REAL SCAl.AR. GMAX

l:'oïEGER SCAl.AR. XSEG
l:'oïEGER SCAl.AR. YSEG
l:'oïEGER SCAl.AR. RXOFS
l:'oïEGER SCAl.AR. RXSEG
t:>ïEGER SCAl.AR. OF.:
t:>ïEGER SCAl.AR. NAVG
t:>ïEGER SCAl.AR. loi
::\ïEGERSCAl.AR. li
t:>ïEGER SCAl.AR. COm."l'ER

\t:>1TALlSEnlES"iSTEM'lOt:>"lëRFAŒBETWEENnlECOMPLïERS

:t:>1T
FlLE.OPEN C:RX.IMG \CAU. l."PnIE ASSEMBLERLANGIJAGE ROl.ïc.'E
RX FlLE>ARRAY \STOREnlEASSEMBLERFlLElNnlEARRAYSPACE
FlLE.CLOSE
XI ADDRESS OFS := XSEG:=
YI ADDRESS OFS '" YSEG '"
XSEG RX ( 143 J:=
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YSEG RX 114S l ,=
RX ADDRESS RXOFS ,= RXSEG ,=

,RECVR

OXI,=OYI'=
CAUf RXSEG. RXOFS J

0.0 xm .= 00 YITl ,=
XI xlTl Sl:Bf O. ~048 J,.
YI ym S~'Bf O. ~048 1,.

: OC.CORRECT
\ de torTCCt the incoming signal for Fourier analysis
snCK.CLEAR
Xl";)
X(O Sl:B[ O.~8 JMEA." •
X(O:=
OX(O Sl:B[~9.~8J:=

X(O :-iAVG /409.6 /X(O :=
OX(O[I):=
STACK.CLEAR
Y(O
Y(O Sl:B[ O.~)MEA." •
Y(O""
OY(O Sl:BI~9.~8J:=

Y(O:-iAVG /409.6/V(O :=
OV(O[I):=
STACK.CLEAR

:GXX
\ input aulOspccua1 çaJe:ulalion
STACK.CLEAR
o.O.Z=X.lY
X(O FFI' H(F) :=
H(F) ZMAG GXX(F) :=
GXX(F) Dup· GXX(F) '"

:GYY

,owput ....1pCCUII caIcWaIi...
STACK.CLEAR
V(OFFI'
ZMAGDup·

:GXY

STACK.CLEAR
X(OFFI'H(F):= H(F)CONJ
GXY(F)"
0. 0. :z,.x.lY H(F) ,.
V(O FFI' H(F):= STACK.CLEAR H(F)
GXY(F) • GXY(F) ""
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:RXX
STACK.cu;AA
GXX(F) lFFl' ZREAl.

: RIT
STACK.cu;AA
GIT IFFT ZREAl.

:RXY

STACK.cu;AA
GXY(F) lFFl' ZREAl.
RJ(Y(I'):=

STACK.CLEAR

:FREQL~CY.RESPOSSE
O. 0. :Z=X.IY H(F) :=
STACK.CLEAR
1 GXX(F) ( 1 J:=
1GXX(F) SL'B[I602. 895 1:=
GXY(F) GXX(F) 1H(F) :=
W(F) H(F) • H(F) :=
\OOZ=X.\y H(F) [11:=

\ impulse rcsponsc H(F) lS LOST :-''EED rr TO PREve.'T CRASHt'iG
: IMPL1..SE.RESPOSSE
STACK.CLEAR
O.H(I'):=
ooZ=X.\yW(I') :=

H(F) lFFl' W(I'):= STACK.CLEAR
W(1) ZREAl. H(1) :=

15 STRING FNA.\lE

:REAO.DSET
CR * Eme< fd_ (b:7char.en): * "TYPE
'1l'<'PtJT FNA.\lE *:=
FNA.\lE DEFER> FILE.OPEN
1SL'BFILE X(I') SUBI 0 .2048 JFlLE>ARRAY
l SL'BFILE Y(I') SUB[ 0.2048] FlLE>ARRAY
FILE.a.OSE

:WRrTE.DSET\_le sa.. a lÙlaJc files ftequeac:y lOSpClCSC

CR * Eme< rdeallllC (B:7char.en) : * "TYPE
"Iloo'PL'TFNA.\lE*:=
FNAME DEFER> FILE.OPEN
1SL'BFILE xm SUB[ 0 •2048 JARRAY>FILE
lSL'llFILEY(I')SL'B[O.2048) ARRAY>FILE
FILE.a.osE

REAL DI.\lllS6] ARRAY IMPLS
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REAL DI~l2S6 1ARRAYI~LS2

REAL DI~1 :!S6 • sa 1ARRAY I·I~AGE

~JŒFILE

\ file lcmplatc lO tton:: the un.ge ;ad! unpulse rcsponse
\ 1$ ~ved (256 polnU) SOllSOxZS6

FIl.E.TE~ATE
REAL DI~I 2S6 • sa 1St:BFIl.E
REAl. Dl~1 2S6 • sa 1St:BFIl.E
REAL Dl~1 2S6 • sa 1St:BFIl.E
REAL DI~l2S6 •sa 1St:BALE
REAL DNl 2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1St:BFIl.E
REAL DI~I :!S6 •sa 1St:BFIl.E
REAL Dl~1 2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1St:BFIl.E
REAL Dl~l2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1St:BFIl.E
REAL DIMI 2S6 •sa 1St:BFIl.E
REAL DI~I 2S6 •sa 1S\iBFIl.E
REAL DIMI 2S6 •sa 1SUBFIl.E
REAL DIMI2S6 •sa 1St:BFIl.E
REAL DIMI2S6 •sa 1S\iBFIl.E
REAL DIMI2S6 •sa 1SliBFIl.E
REAL DIMI2S6 •sa )SUBFIl.E
REAL DNI2S6 •sa 1SUBFIl.E
REAL DIMI2S6 •sa )St:BFIl.E
REAL DIM{2S6 •sa 1SL'BFIl.E
REAL DNI2S6 •sa 1SUBFIl.E
REAL DlMI2S6 •sa 1SUBFIl.E
REAL DlMI2S6 •sa JSL'BFIl.E
REAL DlM(2S6 •sa JSUBFIl.E
REAL DIM(2S6 •sa 1St:BFIl.E
REAL DlMI2S6. sa JSUBFIl.E
REAL DlMI2S6. sa JSUBFIl.E
REAL DlMI2S6. sa 1SL'BFIl.E
REAL DlMI2S6 •sa JSUBFIl.E
REAL DlM(2S6. sa JSUBFIl.E
REAL DlMI2S6 •sa 1SUBFIl.E
REAL OlMI 2S6 •sa )SUBFIl.E
REAL DlMI2S6. sa 1SUBFIl.E
REAL DlM[2S6. sa JSUBFIl.E
REAL DlMI2S6 •sa 1SUBFIl.E
REAL DlM(2S6 •sa 1SUBFIl.E
REAL OlMl2S6. sa 1SUBFIl.E
REAL DlMI2S6. sa JSUBFIl.E
REAL DlMI2S6 •sa JSUBFIl.E
REAL DlMI2S6. saJSUBFIl.E
REAL OlMl2S6. sa JSUBFIl.E
REAL OlMl2S6. sa 1SUBFIl.E
REAL OlMl2S6. sa 1SUBFIl.E
REAL OlMl2S6. sa1SUBFIl.E
REAL OlMl2S6. sa JSUBFIl.E
REAL OlMl2S6. sa 1SUBFIl.E
REAL OlMl2S6. sa JSL'BFIl.E
END

:GRAPH.n'
\plou me impulse respoase ou tbc screeD u &bey arc calC"'"rd
VUPORT.Cl.EAR
1. l.\lPLS2 :=
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o IMPLS~ 1256 1:=
XY.AXIS.PLOT

: Hm.ASALYSIS
\ word th.1l processcs d'le data. .uld gcnC1'2tes !.he ampulsc R:sponsc

OC.CORRECT \ REMOVE TIlE OC OFFSET
GXX
GXY \ CALC TIlE ACTO & CROSS COREL. SPEC1RAl. FL'Sc:noss
FREQL'ESCY.RESPOSSE
oOZ=X.IY H(F) SCSI 1601 .8971 :=\SETTIlE SA:>llSTOP
00 Z=X·IY H(F) SL'BI 0.3 1:=
OOZ=X.IY H(F)SL'BI409S.~I:=

IMPL1.SE.RESPOSSE \ GET Hm
Hm SCSI O. 256 IIMPLS :=
NPLS .1. • NPLS := \ ISVERT IMPLS RESP
IMPLS DL'P AMAX [2S6I/IMPLS :=

1OZ=X·IY W(F) :=

:GO
\ word thal nms the cntire porgrun

I~ 1)RA.\1P \SET L'P TIlE TEMPLATE TC SHOW1lIE IMAGE
I~ DL'PAMAJ( 12561/1~ :=

.o.3IMPLn ( 11:=
L\1PLS2 Y.AL'TO.PLOT
SOR.\IAL,DISPLAy

INIT

CR CR • !l'<'PLïMOFAVGS ATEACHPOI:-.ï • "TYPEM!l'o'PUïSAVG:=
CR CR' I:-.'PUï1llE FIl.ENA.\lE FOR THIS IMAGE' "TYPE CR
••• D:HOLDI.L\lG D:HOlD2.IMG OR D:HOLD3.IMG ""TYPE
'Th'PUT ï'NA.\lE":=

1~:= 1S:= 0. I·IMAGE:=

GRAPIlICS.DISPLAy
" FSA.\lE : • "TYPE FNA.\lE "TYPE CR
• SAVGS :" "TYPE SAVG. CR

CR CR 'WA1TISG FOR DATA••• "TYPECR

\-------------
\ GETTIlE IMAGE... REMEMIlERTIlATYOU SCA.'Il1 WAY1llESSCA.'Il SACK1lIE01lIER
\-------------
250 DO \ VERnCAL

GRAPH.IT \CLEAR SCREEN
\FIRST!Jl'I'EGOING 1DIRECllON

sa 0 DO
RECVR \BRlNG OVER1lIE ARRAYS. PLï TIŒ.\l!l'<'TO X li: Y
H(l).A.'IlALYSIS
S 20 ~ODULO 0 = IF GRAPIUT 1llES
NPLS Y.DATA.PLOT
1COL'l'o'TER:= \ TRANSFER2S6 POINiS I:-.'TO I·IMAGE ARRAY
2S60DO
NPLS (COIDo'TER 1
I·IMAGE (COL'l'o'TER. S 1 :=
COL'l'o'TER 1+ COL'l'o'TER:=

LOOP



• 1s. s:=
LOO!'

F:<A.\lE OEFER> Fn.E.OPE." 'SAVE O:-''E L1:-''E
\1 SLlIFlLE I.I~AGE ARRAY,FlLE
F1LE.CLOSE

':-'OW DO SECO:<O L1:-''E GOI:<G BACK mE OrnER WAY

o. I·I~AGE"
1~·~;=

SC :< := '~ïART AT SO A:<O WORK DOW:<

GRAPH.IT 'CLEAR SeREE."
SC 0 DO

RECVR \ BRl:<G OVER mE ARRAYS. PLï mE~ l:-'ïO X &. Y
H(l).A."ALYSIS
:< 20 ~OOL1.00 = lFGRAPH.1T TI\E:II
~ Y.OATA.PLOT
1COU:-'ïER:= \ TRA:<SFER:!S6 POl:-'ïS I:-'ïO 1.I~AGE ARRAY
2560 DO
IMPLS 1COL'l'oïER J
1.IMAGElCOU:-'ïER.:<) 02
COL'l'oïER 1 +COL-:'ïER:=

LOO!'
SI.S:=
LOO!'

\SAVE 1lIE SECOl'o'O LJ:-.'E
FSA.\lE OEFER> FlLE.OPES
~ SURFILE \·IMAGE ARRAY>FILE
FlLE.a.OSE

\ISCREME.'oï M
\SETS BACK TO \ ASW1ôAREGOINGTOSCA." BACK

\ mE FIRST OlREcnON

O. I·IMAGE:=
IM+~:=

1 S:=

LooP \ 25 0 DO LOO!'

: a.EAR.FILE
CR" IIllI MAKE SL'RE1lIE FILE IS BACKED UP BEFORE OELE1DlG IIllI "
"TYPE CR
CR "ISPllTmE FNAME YOU WANTTO ZERO " "TYPE
"ISPUTFNA.\lE"02 CR
0. I·L\lAGE '"
SCODO
1S '"
FSA.'IE DEFER> FlLE.OPEN
S SUBFlLE \·IMAGEARRAY>flLE
FlLE.a.OSE
1S+S:=
LOO?

•
\ "GO' RUSS mE PROGRA.\l



• TITLE TRNS.ASM
COMMENT*
Transmitter module routine called
by PHOTOS (2.01) to dump XBUFFER data from a PC-XT to a 486
via a 8522 (Centronix type) printer port
Version Date: 02-Nov-1992

*

i size in bytes of x and y buffers

i as per XBUFFER address is passed by

i printer card base address
iprinter card BASE+1
iprinter card BASE+2

i Tx ready status
i Rx ansbk
i address of Asyst inteqer data as offset

PAGE PUBLIC 'PARAMETERS'PARMSEG SEGMENT
STACKAREA DW 0045H
STACKPOINTER DW OOFEH
STACKOFFSET DW 0013H i offset of internal stack segment into
ASEG
i stackoffset to be checked in .MAP/.EXE files
PARMOFFSET DW 0010H ioffset of parameter segment into ASEG
i final assiqnment must be checked prior to final link
TEMPOS DW 0000
TEMPAX DW 0000
TEMPRET DW 0000
TEMPCS DW 0000
NADA DW 0000
PBASE DW 0378H
PBASEl DW 0379H
PBASE2 DW 037AH
TREACY DW 0002H
RMASK DW 0020H
XSEG DW 1000
XOFS DW 0000
i into IMAGE array
YSEG DW 2000
AS'lST
'lOFS DW 0000
i as IMAGE offset
BUFR DW 8192
PARMSEG ENOS

WRITE DATA MACRO
MOV - DX,PBASE
MOV AL,ES:[BX]
OUT DX,AL
ENDM

REAC RX
MOV ­
IN
ENOM

MACRO
DX,PBASEl
AL,DX

WRITE TX MACRO
MOV DX,PBASE2
OUT DX,AL
ENOM

• STACK
DB 256
STACK

SEGMENT
DUP('S')

ENOS

PAGE STACK 'STACK'



~ ; Macro definitions

ASEG SEGMENT BYTE PUBLIC 'ASYST'
ASSUME CS:ASEG, OS:PARMSEG, ES:ASEG, SS:STACK

PUBLIC TLINK
TLINK PROC FAR

; Enter from Asyst with no parameters passed directly
; return with all registers and PSW restored.

CLI
PUSH
PUSH
PUSHF

;disable all further interrupts
AX ;save most volatile registers on Asyst stack
OS

MOV AX,CS ;set up parmseg in OS for access to stack info.
ADO AX,OOlOH ;this is Parmseg offset into ASEG - check MAP
; before final link
MOV OS,AX

MOV [STACKPOINTER], SP
MOV [STAeKAREA] ,SS
address

;save Asyst stack address in Parmseg
;reserved space for Asyst stack

MOV AX,CS
ADO AX,STACKOFFSET
offset

;internl stack segment is given as

•

MOV SS,AX
MOV SP,OOFEH
; internal stack addressing is now set up. The remainder of
Asyst
; registers is now saved.

PUSH BX
pusa ex
PUSH DX
PUSH ES
PUSH BP
PUSH Sl:
PUSH Dl:
CALL TRANSMJ:TTER

; exit sequence below

MOV AX,CS
ADD AX,OOlOH
MOV DS,AX ;Parmseg is reset in os
; warning! be sure to verify above 00140h offest from map!
POP Dl:
POP Sl:
POP BP



• POP ES
POP OX
POP CX
; restore Asyst stack pointer for return
POP BX
MOV SP,[STACKPOINTER]
MOV 55. [5TACKAREA]

; the sequence outlined below removes the top five entries
; from Asyst stack: in sequence: OS,AX,IP,CS, and NADA.
; Nada is a parameter passed by Asyst indicating the number
; of parameters which were passed by the calling routine. In
; this case it is zero ('nada'J. This parameter must be
; removed from the Asyst stack otherwisw an error message
; is observed on return to Asyst. The five parameters are
; temporarily stored in Parmseg, pushed back onto Asyst's
; stack. and then restored in correct sequence.
;
POPF
POP
POP
POP
POP
POP
PUSH
PUSH
pusa
PUSH
POP
POP
STI
RET

[TEMPOS]
[TEMPAX]
[TEMPRET]
[TEMPCS]
[NADA]
[TEMPCS]
[TEMPRET]
[TEMPAX]
[TEMPOS]
OS
AX

TLINK ENOP

PUBLIC TRANSMITTER
TRANSMITTER PROC NEAR

buffer size in CXbuffer in ES:BX

ES,YSEG
CX,BUFR
BX,YOFS
y address

MOV
MOV
MOV
; set up
YTRANS:
WRITE DATA
MOV - AX,0002
WRITE TX ; aU tx writes are complementary
READl:
READ RX
AND - AX, RMASK
JNZ READl; wait for low bit ind. rx has read lines
MOV AX,OOOO
WRITE_TX ; signal rx that write is complete•
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READ2:
READ RX
AND - AX, RMA5K
JZ REAn2; check ansbk form rx, ind. ready for read
INC BX
LOOP YTRAN5
MOV E5,X5EG
MOV eX,BUFR
MOV BX,XOF5
; set up x address buffer in E5:BX buffer size in ex
XTRAN5:
WRITE DATA
MOV - AX,0002 ; write lines are complementary, drive low
WRITE TX ; write low bit to transmitter
REAn3: ; wait for low from receiver ind. read over
REAn RX
AND - AX, RMA5K
JNZ REAn3
MOV AX,OOOO
WRITE TX ; send high to rx ind. roger
REAn4: ; ready to start next cycle
REAn RX
AND - AX,RMA5K
JZ READ4 ; check to see of rx is also ready
INC BX ; in address, dec count if yes
LOOP YTRAN5
RET
TRAN5MITTER ENDP
A5EG END5
END



• TITLE RECVR.ASM
COMMENT*
Transmitter module routine called
by PHOTOS (2.01) to dump XBUFFER data from a PC-XT to a 486
via a 8522 (Centronix type) printer port
Version Date: 02-Nov-1992

*

i as per XSEG above

PAGE PUBLIC 'PARAMETERS'

, size in bytes of x and y buffers

i printer card base address (suppl)
iSUPP printer card

i supp printer card BASE+2
i Tx ready status
i tX ansbk

i address of Xl (segment)

PARMSEG SEGMENT
STACKAREA DW 0045H
STACKPOINTER DW OOFEH
STACKOFFSET DW 0013H i offset of ir.ternal stack segment into
ASEG
i stackoffset to be checked in .MAPf.EXE files
PARMOFFSET DW 0100H ioffset of parameter segment into ASEG
i final assignment must be checked prior to final link
TEMPDS DW 0000
TEMPAX DW 0000
TEMPRET DW 0000
TEMPCS DW 0000
NADA DW 0000
PBASE DW 0278H
PBASEl DW 0279H
PBASE2 DW 027AH
RREADY DW 0002H
TMASK DW 0020H
XSEG DW 9000
XOFS DW 0000
i into IMAGE array
YSEG DW 8000
YOFS DW 0000
i as IMAGE offset
BUFR DW 8192
PARMSEG ENDS

i Macro definitions

READ DATA MACRO
i macro to read data from printer port
MOV DX,PBASE
IN AL,DX
MOV ES: [BX),AL
ENDM

•

READ TX
i macro to
MOV
IN
ENDM

MACRO
read transmitter
DX,PBASEl
AL,DX

status



• WRITE RX
; macro to
MOV
OUT
ENDM

MACRO
output rx status

DX,PBASE2
DX,AL

to tx

STACK
DB 256
STACK

SEGMENT
DUP (' S')

ENDS

PAGE STACK 'STACK'

ASEG SEGMENT BYTE PUBLIC 'ASYST'
ASSUME CS:ASEG, DS:PARMSEG, Ee:ASEG, SS:STACK

PUBLIC RLINK
RLINK PROC FAR

; Enter from Asyst with no parameters passed directly
i return with all registers and PSW restored.

CLI
PUSH
PUSH
PUSHF

idisable all further interrupts
AX isave most volatile registers on Asyst
OS

stack

MOV AX,CS iset up parmseg in OS for access to stack info.
ADO AX,0010H ithis is Parmseg offset into ASEG - check MAP
i before final link
MOV OS,AX

MOV [STACKPOINTER] ,SP
MOV [STACKAREA] ,SS
address

MOV AX,CS
ADO AX, STACKOFFSET
offset

isave Asyst stack address in Parmseg
ireserved space for Asyst stack

iinternal stack segment is given as

•

MOV SS,AX
MOV SP,OOFEH
i internal stack addressing is now set up. The remainder of
Asyst
i registers is now saved.

PUSH BX
PUSH CX
PUSH OX
PUSH ES
PUSH BP
PUSH SI
PUSH DI
CALL RECElVER



• ; exit sequence below

MOV AX,CS
ADD AX,OOlOH
MOV DS,AX ;Parmseg is reset in os
; warning! be sure to verify above OOlOh offset from map!
POP DI
POP SI
POP BP
POP ES
POP DX
POP CX
; restore Asyst stack pointer for return
POP BX
MOV SP, [STACKPOINTER]
MOV SS, [STAeKAREA]

; the sequence outlined below removes the top five entries
; from Asyst stack: in sequence: DS,AX,IP,CS, and NADA.
; Nada is a parameter passed by Asyst indicating the number
; of parameters which were passed by the calling routine. In
; this case it is zero ('nada'l. This parameter must be
, removed from the Asyst stack otherwisw an error message
; is observed on return to Asyst. The five parameters are
; temporarily stored in Parmseg, pushed back ante Asyst's
; stack. and then restored in correct sequence.
,
POPF
POP
POP
POP
POP
POP
PUSH
PUSH
PUSH
PUSH
POP
POP
STI
RET

RLINK

[TEMPDS]
[TEMPAX]
[TEMPRET]
[TEMPeS]
[NADA]
[TEMPeS]
[TEMPRET]
[TEMPAX]
[TEMPDS]
DS
AX

ENDP

PUBLIC RECEIVER
RECElVER PROC NEAR

MOV ES,YSEG• Mev eX,BUFR
MOV BX,YOFS
; set up y address buffer in ES:[BX], buffer size in ex



• YTRANS:

; check tx status for valid data
READI:
READ TX
AND - AX,TMASK
.JNZ READI
READ DATA
; input data from printer lines
MOV AX,0002H
WRITE RX

READ2:
READ TX
AND - AX,TMASK
JZ READ2

MOV
WRITE_RX

AX,OOOOH

INC
LOOP

MOV
MOV
MOV

XTRANS:

BX
YTRANS

ES,XSEG
ex,BUFR
BX,XOFS

; checlc tx status for valid data
READ3:
READ TX
AND - AX, TMASK
JNZ READ3
READ DATA
; inpllt data from printer lines
MOV AX,0002H
WRITE_RX

READ4:
READ TX
AND - AX, TMASK
JZ READ4

MOV AX,OOOOH
WRITE RX

• INC
LOOP

BX
XTRANS



•

•

RET
RECEIVER ENDP
ASEG ENDS
END



•

•

AppendixJ

Software Routines for inversion of pholOÛlermal impulse response

272



•

•

Ali code for the inversion of the photothermal impulse response was written in the

~aùab software package (Mathworks. MA). The somliare is designed so that individual

functions or commands can be written and then used as needed in software routines or

from the keyboard. The code for impor:ant functions used in the inversion algorithrns

cornmands are presenred here.

The pseudoinverse function {pinv(A,tol)} was supplied by Maùab.

The non-negative least squares algorithm {nnls(E,f,tol)} was taken form the reference:

Lawson and Hanson. "Solving Least Squares Problems", Prentice-Hall. 1974. The basic

code was supplied in the Maùab manual and new versions of Maùab have the code

inclu 1ed in the Optimization Tocl Kit.

The function {erfcJ;(x_dim, t_dim, l, dt)} generates the photopyroelectric free space

Green's Function for accounting for the front surface reflections.

The function {one_g(m.n,I,dt,x_o)} generates the conventional free space Green's

Function for the parameters supplies.

The function {avgtnnls( T, ht, l, dt, noise, loopno, hh)} calculates the average of an

ensemble of nnls inversions. Inside the function the user can select the method of

generating the Green's Function and select whether tO include the effect of electrical

convolution or not.
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•

function X • pinv(A,tol)
\PINV Pseudoinverse. X· PINV(A) produces a matrix X of
, same dimensions as A# BO that A*X*A. A , X*A*X • X
, AX and XA are Hermitian e The computation i~ based
\ 5VD(A) and any singular values less than a tolerance
\ treated as zero. The default tolerance
\ HAX(5IZE(A» • NORH(A) • EPS. This tolerance may
\ overridden with X • PINV(A,tol). See RANK.

, P8eudo-inverae, ignore singular values <- tel.
\ Default tol • max(size(A» • s(l) • eps.
[U,S,V] • svd(A);
if min(size(S» •• l

5 • 5(1);
else

5 • diag(S);
end
if (nargin •• 1)

tol • max(Bize(A» • 5(1) * eps;
end
r. sum(S > tol);
if (r •• 0)

X. zero.(A');
.~.

5 • diag(ones(r,l)./S(l:r»;
X • V(:,l:r)*S*U(:,l:r)';

eM

the
and

on
are
is
be



[X,W} • NNLS(A,b) also returns dual vec~or W whera
wei) < 0 where xCi) • 0 and wei) • a where xCi) > O.

A default tolerance of TOL • KAX(SIZE(A)) • NORM(A,l) • EPS
i. ueed for deciding when elem.ne. of X are le•• than :ero.
This can be overridden with X • NNLS(A,b,TOL).

•

•

function [x,w) • nnls(E,f,tol)
\NNLS Non-negative least-squares .
\ X • NNLS(A,b) returna the vector X that Boives
\ in a least squares sense, 8ubject te x >- o.
\
\
\

\

\

\

\

, Reference:
\ Lawson and Hanson, ·solvinq Least Squares Problems-, Prentice-Hall, 1974.
\ code sU9gestion obtained fram Hatlab reference manual

\ initiali:_ variables
if narqin < 3

tol • lO*ep.·norm(E,l)*max(ai:e(E»;
end
[m,nI • &i:8(E);
P • zeros(l,n);
Z • l:n;
x • P';
ZZ·Z;
w • E'·(f-E-x);

\ set up it.ration criterion
iter • 0;
itmax • 3-ni

\ outer loop to put variablea into aet to hold poaitive coefficient.
while any(Z) & any(w(ZZ) > tol)

{wt,t} - max(w(ZZ);
t - ZZ(t);
P(l,t) - t;
Z(t) - 0;
pp - Und(P);
ZZ - Und(Z);
nu - ebe(ZZ);
EP(l:m,PP) - E(:,PP);
EP(:,ZZ) - zeroa(m,nzz(2»;
z - pinV(EP)·f;
z(ZZ) - zeroa(nzz(2),nzz(1»);

\ inner loop to remove elamenta from the poaitive aet which no longer belong
while any«z(PP) <- tol»

iter • iter + 1,
if iter > itlllax

error({'NNLS quitting becauae iteration count ia exceeded.', ••
Try raiaing the tolerance.'})

end
QQ - find«z <- tol) & P');
alpha - min(x(QQ)./(x(QQ) - z(QQi));
x • x + alpha-(z - X)1
ij - find(aba(x) < tol & p' -- 0);
Z(ij )-ij';
P(ij)-zeroa(l,max(aize(ij»);
PP - Und(P);
ZZ - Und(Z);



•
end
x • =:

oz: • ai:e(ZZ);
EP{l:m.PP) • E(:,PP);
EP(:,ZZ) • :eros(m,n==(2»;
:: • pinv(Ep)·f;
:(ZZ) • :eroB(nz:{2),nzz{1»;

•

end



•
function G-erfc_9 (x_dim, t_dim, 1, dt);

\ G=erfc_9 (x_dim, t_dim, l, time_res);
, the spatial averaqinq of the pvdf and thermal reflectiona off the
\ front surface are accounted for in thie equAtion
\ ref power. App1. Spec. 45(6) 1991 eqn 20a•.

•

Gl(t,x)-(l-(x-l)"dx)
G2(t,x)-(1-(x-l)"dx+ge-6)
G3(t,x)-(1+(x-l)"dx)
G4(t,x)-(1+(x-l)-dx+9.e-6)

end
end;

G2=erf(G2,inf);
G3=orf(G3,inf);
G4-erf(G4,inf);
Gl-erf (Gl, inf);
G-Gl-G2+G3-G4;

/sqrt(4"1.Oe-7-t-dt);
/sqrt(4-1.0e-7"t-dt);
/sqrt(4-1.0e-7-t"dt);
/sqrt(4-1.0e-7-t-dt);



•

•

function 9_array • One_9(m,n,1,dt,x_O)
, ayntax Le one g(time dim, space dim, sample thicknes8, timeresolution,x(O»
, i.e. one-g( 16 ~ 16 , 50.e=6, 5.e-4, 55.e-6);
, x(O) - at what position to record temp: x(O) is multiplies by -1 in
, the program.
, returne the calculated greens function, nct normali:ed

dx-l/n;

for j-l:m
for i-l:n

9 array(j,i)-(exp(-l* «(-l)*x O+(i-l)*dx)-2) /(4*1.e-7*j*dt»)
- /sqrt(4*3.14*1.e-7*j*dt);

end
end
, g_array-g_array/max(max(g_array»;



• function [HT,H,T,q]=avgtnnls( T, ht, l, dt, noise, loopno, hh);
, syntax [HT,H,T,ql-avgtnnls( C, ht, sample thicknesB, time resolution, ..
, noise in Ct no of loopa te av;, sample, impls.resp)
\ ex HT=avgt( rand(32), fname of eleet impls resp, 50.e-6, 5.e-4, 0.01, 3, hh)

[w,pI-si:e(T) ;
[n,ql-si:e(ht);

\ will become T-the Greens Function
\ will become H-the transfer function matrix of (nxn}

if n -. w error('arraye 8iz88 do nct match'), returni ele8; end

H=:eros (n) ;
K=zeros(n,l);
k-ni

\ fill the transfer funetion array

•

for i-1:n
H(k:n)-ht(l:(n-k+l»;
H(: ,k)-H;
k=k-l;

end

\ ealeulate 10 Green. Funetion.
\ offset-O;
\ for i-l:10
\ T=one_g(w, p, l, dt, offset) + T;
\ offset-off.et + 0.9&-6; ~ 9 um pvdf
\ offset-offset + 2.8e-6; \ 28 um PVDF
\ end
\ T-T/max(max(T»;

\ eall the erfe_g routine
\ generat.. tha spatially averaged GF aero.. PVDF

T-erfe_g(~,p,l,dt);

T-T/max(max(T»;

[m,n)-si"e(H*T) ;
HT-"eros(m,n); \ "aro fill MT
[m,n)-.i"e(pinv(H*T)*hh);
q-"ero.(m,n); \ "ero fill q
format +
rand('normal'); \ put noi.e on Green. funetion avg

for i-l:loopno
,,-rand(w,p)1
:·:*no1••;
TTwT+:;

\ q-nnls ( (H*TT) , hh) + q; \ **.,** will do nnl. on T only for deeonv data
q-nnls(TT,hh) + q;

end


