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Abstract

There is much current interest in developing all-optical switching devices for
applications in photonics. One direction of research, being pursued at the Laser Physics
Centre at the Australian National University, is the development of organic conjugated
polymer waveguides for this application.

Poly(p-phenylenevinylene) (PPV) is a conjugated polymer with a high third order
nonlinearity, making it a possible candidate for all-optical switching devices, but 1t also
has high optical losses. These losses can be reduced when PPV is combined with a host
matrix of poly(vinyl pyrrolidinone) (PVP) which has much better waveguiding
properties.

To make a practical all-optical switch, both high nonlinearity and low losses are
necessary. The work presented here was motivated by the need to identify the cause of
the optical losses in PPV-doped waveguides - whether being due to absorption, an
mtrinsic characteristic of the material, or due to extrinsic causes such as scattering or
waveguide irregularities. Since the polymer films are generally very thin (= 1 micron),
standard spectrophotometer measurements are not able to resolve the absorption levels
which are important even at the level of 0.1cm™.

This dissertation presents the preparation of a photodeflection spectroscopy
system, able to measure the absorption in these films independently of other sources of
waveguiding losses like scattering. This technique was used to measure the absorption
spectra of thin films of PPV, PVP, and composites of PPV with PVP, determining that
the absorption losses in the composite films were much smaller than the total losses which
had been measured for waveguided light propagating in the films. Thus, the losses in the
material are not limited by absorption, and so further attention to the extrinsic sources of

loss may yield material suitable for the production of nonlinear optical devices.
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1. Introduction

In this dissertation I describe the development and use of a photodeflection
spectrometer (PDS) for measuring the absorption spectra of thin, weakly absorbing films.
The system has been used to characterise the absorption of some composite polymer films
which are intended for use in all-optical switching. The conjugated polymers, in particular
those containing poly(p-phenylenevinylene) (PPV), have a high third order optical
nonlinearity and thus have potential for photonic switching in structured waveguides. In
this application it is essential that the waveguides have low propagation losses. By using
photodeflection spectroscopy, the contribution of the material absorption to the total
propagation losses can be measured, and this determines whether absorption or other loss
mechanisms, such as scattering, are the limiting factors. Whilst excess material
absorption could focus our materials research on factors such as the role of doping on
optical absorption or towards alteration of the molecular structure of the polymers in an
attempt to reduce absorption at the wavelength of interest, other sources of loss such as
scattering could imply a different approach since, for example, scattering caused by the
presence of impurities or irregularity in composition due to aggregation (crystallization)

would direct attention to the chemical processing used in the creation of the polymers.

1.1 Nonlinear Optical Switches

In recent years, optical fibres have become a preferred means of transmitting large
amounts of information over long distances, replacing the lower bandwidth electronic
copper cables. However, no commercially viable optical equivalent of the transistor has
been developed, and so all switching and processing of the information carried by optical
fibres has to be performed electronically or opto-electronically.

Electronic switching is limited to about 20Gbit/s by circuit capacitance."” In
contrast photonic switches, which have potential advantages of a broad bandwidth and
potentially dense integration because of the lack of cross-talk, can reach picosecond
speeds since there is no electronic drive.’

To make an optical switch requires having a material in which the presence of one
stream of photons affects the passage of other photons through the material. This is so for
a material in which the polarisation is a nonlinear function of the electric field of the

incident light.
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In general, the polarisation of a medium in which there is an applied electric field
E due to the incident light, will be

P=¢,(xPE + x?E*> + yPE* + ..)
@l )

where the higher order terms represent the nonlinear effects; %’ is the linear

susceptibility, x®

i1s the second-order susceptibility, and so on. In centrosymmetric
materials, x® =0 and hence the lowest order nonlinear term which can be used for all-
optical switching is that proportional to x*. Materials research has therefore been
focussed on optimising this third order nonlinearity. Recently it has been recognised that
¥ can also be used for all-optical switching using the so called “cascading” process and
hence there has been a renewed interest in non-centrosymmetric materials.* In this work

we concentrate on x "

materials based on conjugated polymers.
For centrosymmetric materials, the nonlinear refractive index n, is related to the

optical Kerr susceptibility ¥® = ¥ (-m;m,-0,m) by’

37
n, = : =
GE s
1)
and the total refractive index n can be described by
n=n,+n,l
(1.3 )

where c is the speed of light in a vacuum; g, is the vacuum permittivity; n, is the linear
(low-power) refractive index; and I is the intensity of the light.

Physically, optical nonlinearities can originate from the distortion of the electron
distribution around molecules in the material (electronic nonlinearities); from the creation
of excited states (e.g. optical pumping); due to thermal effects; or due to more complex
processes such as the photorefractive effect. However, long-lived excited states, slow
thermal effects, and the photorefractive effect (which depends on movements of charges
within the material) will not provide the switching rates around 100Gbit/s rates that are
required.

All-optical switching devices ideally should be compact, and operate at low
average powers. Thus for 100Gbit/s switching rates, using Sps duration pulses, and an
average optical power of 100mW it would be necessary to switch with around 1pJ of
pulse energy. This will only be achieved using any conceivable third order nonlinearity
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when the pulse energy is concentrated into a channel waveguide with a small cross-
sectional area. Ideally the dimensions of these waveguide should also compatible with the
optical fibres by which the switching device is linked into the transmission network (cross
sectional area 10°-10"cm™).

Several different configurations of photonic switch using structured channel
waveguides have been proposed including nonlinear directional couplers;® nonlinear
grating devices;’ switches based on a Mach-Zehnder interferometer design;® and soliton
based switches.”'%!"!?

Nonlinear directional couplers consist of two optical waveguides in close
proximity, with the same propagation constants, so that at low power in a length known
as the half-beat length, the power couples across from the first waveguide into the other.
If the waveguides continue in proximity the light will periodically couple across and back,
as described by coupled mode theory. At high intensities though, if the material has an
optical nonlinearity, the propagation constant of the first waveguide will be altered by the
high intensity, and the coupling between the two waveguides will be detuned, and the
amount of light coupled across into the second waveguide in the original interaction length
will be reduced. This detuning may be caused by the intensity of the signal pulse or as a
result of a co-propagating probe pulse.®

Nonlinear effects relying on grating coupling have also been observed in
polymeric waveguides, for example the study of Crook et al. into the nonlinear optical
behaviour of a grating coupled poly[5,7-dodecadiyn-1,12-diol-bis(n-butoxycarbonyl-
methyl-urethane)] (PABCMU) waveguide. PABCMU has a ¥’ nonlinearity; Crook et al.
obtained a shift in coupling angle of 0.10° when changing from 1uJ to 10uJ pulses from
a Nd™:YAG laser, with a concurrent change in coupling efficiency from 95% to 76%.’

A “push-pull” switch has been proposed by Ironside et al, based on a Mach-
Zehnder interferometer and using a cascaded second-order.® It involves using gratings of
different periods in each arm of the interferometer, to give nonlinear phase shifts with
different signs to the parts of the beam travelling down the two arms. The phase-shifts
are dependent on the beam intensity.

Solitons also have potential application in all-optical signal processing. Temporal
solitons in fibres are pulses of light in which the nonlinear effect balances the temporal
dispersion to create pulses which propagate without changing shape. They exhibit
particle-like behaviour, and can interact with each other elastically.” They have been
applied to optical switching using mechanisms such as the soliton dragging gate.'®'' In
the spatial domain, solitons form paths of light in which the nonlinear (self-focussing)

effects exactly balance diffraction. Since the nonlinear effect changes the refractive index
13




of the medium near the soliton, it can be thought of as creating a waveguide in the
medium, which can be used to steer or guide other signal carrying beams.'?> These soliton
induced waveguides can be switched on or off, or steered in various ways as the basis of
an all-optical switch. The same principle can be applied to soliton induced waveguides
createdinself-defocussing nonlinear optical materials.'?

Polymer waveguides are a possible building block for such switches. Polymers
are generally inexpensive to produce, and can be subjected to a certain amount of
“molecular engineering”’— the lengths of conjugated chains, and the atoms and functional
groups attached to the chains can be varied, thus altering the polarisability and nonlinear
optical properties. Whilst polymers can be susceptible to degradation by heat or abrasion,
they do offer a great deal of processing flexibility. Some polymers may be spin-coated
into place (by solvent evaporation); other polymers may be injection moulded or set in
place by thermal or photochemical curing.'’

Polymers with aromatic rings, double or triple bonds alternated with single bonds
between neighbouring carbon atoms are referred to as conjugated polymers: poly(p-
phenylenevinylene) (PPV) is an example of such a conjugated polymer (see Figure 1.1)."*
These polymers have a hyperpolarisability which is dependent on the length of the
conjugated system;'> and the m-bonded electron system can be distorted strongly by the
presence of an optical field.

Poly(p-phenylenevinylene), which is the main material being investigated here,
has a non-linear refractive index which can be described by equation ( 1.3 ). It has been
the subject of considerable investigation as a potential organic polymer for active optical
devices.'®'” It has been shown to have a high nonlinearity (n, > 10" cm?”W at 800nm),
and a two photon figure of merit (see below) T < 0.6."

However, pure PPV has been found to be extremely lossy, and furthermore, it is
highly anisotropic (due to preferential alignment of the rod-like PPV molecules in the
plane of the films) leading to a large TE-TM mode birefringence and high TE-mode
refractive index.'® The need to lower the TE-index to bring it closer to that of silica glass
fibre, and reduce the birefringence motivates the development of composite maternals
where PPV is used as a dopant in a lower index host material. As an example PPV can be
incorporated in a matrix with poly(vinyl pyrrolidinone) (PVP), which has high
transparency and a small nonlinearity, and then spun into waveguiding films with
relatively low losses. The structure of PVP is also shown in Figure 1.1. By making
composite PPV/PVP films, it is hoped to make films with high nonlinearity and low
losses with optical properties closer to those required for a practical planar waveguide.

Whilst preparing composites might be thought to simply “dilute” the nonlinearity due to
14
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Poly (p-phenylenevinylene)
(PPV)

IR\
\ O

——— CH,—— CH

Poly (vinyl pyrrolidinone)
(PVP)

Figure 1.1 The Structures of PPV and PVP.

the PPV at the same time as lowering the losses, control of the matrix and conversion
procedures may result in an improvement of the figures of merit.'®

Various merit factors have been used to rate materials for all-optical switching
based on their nonlinearity, time response and losses. The nonlinear response must
obviously be large enough for the device to “switch” and this in general means that a
sufficiently large nonlinear phase change must accumulate on the beam as it propagates
through the switch. However, both linear and nonlinear propagation losses cause the
beam intensity to decay and this can limit the total phase change integrated along the beam
path that may be achieved, preventing complete switching. Thus two figures of merit
prove to be the most useful and these parameterize the nonlinear phase change achievable
over a distance equal to a single or two-photon absorption length.

Regarding the linear absorption losses, Wong et al. used the ratio of the nonlinear

refractive index n, to the linear absorption coefficient o as a figure of merit, when
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comparing the third-order nonlinearities in various conjugated polymers (o 1s defined as

per equation ( 1.7 ))."” Stegeman used the factor W, where

W = M
ai

(14 )

where An___is the maximum change in refractive index, and A is the wavelength, so

W - nZIsat
oA

(1.5)

where I is the intensity at which the change in refractive index saturates.® For a

waveguide device such as we are considering, the requirement is at least

Ww>2
( 1.6 )

the exact requirement depending on the device configuration.
When working at high intensities within waveguides two photon absorption

(TPA) can also be important. This absorption can be described by

ol
= B
> B

( 1.7 )

where I 1s the effective laser beam intensity as a function of distance traversed in the
medium z, & is the linear absorption coefficient and B is the TPA coefficient. Mizrahi et
al. have made a study of the limitation that TPA places on optical switching devices.”’
They show that for an operable switching device the criterion to be satisfied is

2BA

n,

2T =

<a

(1.8 )

where a 1s of the order unity, and depends on the specific device design.
The third order nonlinearity of the polymer samples can be measured by
techniques such as time-resolved degenerate four-wave mixing (DFWM),'®"*?*** Kerr

> etc, and from the data both real and imaginary

ellipsometry,** the Z-scan technique,
components must be obtained allowing evaluation of the “T” merit factor. From work on

PPV our own group has established that PPV has T<1 at 800nm which indicates the
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material has nonlinear properties which satisfy this merit factor for all optical switching.
Although the W factor can be W>2, the loss coefficient is generally unacceptably high
implying a very high switching intensity. Hence this study of linear losses in PPV doped
waveguides is required to provide information to guide attempts at loss reduction.
The propagation losses in a waveguide can be measured by the decay in the
scattered light, or propagating light, with distance from the in-coupling point. However,
the total losses in a waveguide are due to more than just absorption. Losses can also be
caused by scattering due to*°
e Inhomogeneities - which can be present mm amorphous polymers, wherein the
refractive index varies through the material;

e Crystallinity - small domains of crystalline structures;

e Contamination, by salts which may precipitate as the solvent is evaporated, dust,
bubbles or unreacted ingredients;

e Surface irregularities.

If the losses in the polymer are caused by, for example, scattering from
contaminants, then they could possibly be reduced by altering the polymer processing
conditions and purification methods. However if the losses are due to absorption of the
material, they may be more difficult to combat; changes to the chemical composition or
conjugation length may shift the position of absorption bands but may have only limited
effect on lowering the absorption floor.

Thus it is necessary to distinguish the source of the losses in the PVP/PPV films
under investigation. Further, the losses must be measured for the films in a waveguide
configuration, since the losses in a bulk sample are likely to be different to the losses in
situ 1n a thin film; spin-coating the thin film can have an effect on the orientation of
molecules in the film and may affect their agglomeration, and waveguide losses from
surface irregularities are relevant to the investigation.

The total losses for the polymers have been measured by using a CCD camera to
photograph the scattering of light out of the waveguide as a function of distance from the
point at which light 1s in-coupled (usually here by prism coupling). Assuming that the
scattering 1s uniform and not too large (or dominated by isolated scratches or waveguide
nonuniformities), the local intensity of the scattered light can be assumed to be
prdportional to the intensity of the light in the guide, and thus the decay in the intensity of
the light with propagation distance can be measured. A modification of this method
involved doping the polymer with a dye such as phloxine-B which can be optically
pumped by a propagating beam with wavelength lying in a transmission band of the

PPV. Up-conversion flourescence from the phyloxine-B can be distinguished from
7




scattered light at the pump wavelength and the decay in the fluorescent light measured as a
function of distance.

An investigation was made into the use of grating in-coupling for these
measurements. This involved etching gratings mto the substrates before spinning on the
polymeric waveguides, with the specific advantage over prism coupling that coupling
could still be achieved when a cladding layer was added over the top of the polymeric
waveguide. Brief results of the grating coupling method are presented in section 2.9,
however prism in-coupling was finally used for all of the samples presented here, which

were unclad.

1.2 Measuring Low Absorption Losses

Standard spectrophotometers,”’

which measure the drop in transmission due to
reflection and absorption, are able to measure optical densities up to al = 5.0, with a best
absorbance resolution of 0.002. For a 1 micron film, this represents absorptions up to
5x10*cm’™ measured through the plane, with an absorption coefficient resolution of 20cm’
' at best. The absorption coefficient of poly(p-phenylenevinylene) ranges from >10°cm'
at A__=~430nm, to <lcm™ at A>900nm. The low absorption range is particularly critical
for waveguiding applications, and poses difficulties for the spectrophotometer which
registers small losses against a bright transmitted beam. Spectrophotometers are also
sensitive to losses from both reflection and scattering, and can have further problems with
interference fringes developing with high index thin films (see for example Figure 3.10).

Hence a technique is needed which can measure the absorption of a thin film of
material over a large wavelength range, and be only weakly affected by scattering,
reflection or interference. Photodeflection spectroscopy, as first developed by Boccara,
Fournier and Badoz®® and used for thin film purposes by others [references
29,30,31,32,33] 1s well suited to this purpose. A photodeflection spectroscopy system
has been constructed to determine the contribution of absorption to the losses in the
polymeric films under investigation.

Photodeflection spectroscopy (PDS) involves irradiating a sample with chopped,
monochromatic pump light. As the sample absorbs the light, in the absence of significant
fluorescence, the sample exhibits periodic heating in proportion to the absorption of the
sample at the wavelength of the pump. As the sample is periodically heated, the medium
immediately above the sample also develops a periodically varying temperature gradient.

18
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Figure 1.1 Schematic diagram of PDS system

The medium above the sample may be air, or another fluid with a strongly temperature
dependent refractive index, such as carbon tetrachloride. The periodically varying
temperature gradient causes a varying refractive index profile in this medium, and a probe
laser beam propagating just above the sample surface will be deflected in a manner
analogous to that which occurs with a mirage. The magnitude of the periodic deflection
of the beam thus gives a measure of the absorption of the sample. A schematic diagram
of a typical PDS apparatus is shown in Figure 1.1.

The primary advantage of PDS over spectrophotometers is that it is not a
transmission technique; zero absorption should give a zero signal (in the absence of
noise), rather than 100% as for a spectrophotometer. Furthermore, since the probe beam
does not pass through the sample, the PDS results are independent of scattering, unlike
the transmission measurements and measurements which involve propagation of light
through the waveguide. Questions of the linearity, dynamic range and the absolute
calibration of the absorption data obtained using a PDS are important and are treated in
chapter 2 (especially section 2.7).

One of the serious alternatives to PDS is photoacoustic spectroscopy.””””  As
pointed out by Murphy and Aamodt’® PDS has a significant advantage over
photoacoustic spectroscopy in that rather than detecting only the small fraction of the total

thermal energy which is converted into a propagating acoustic wave, here the spatial
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gradient of the temperature rise associated with the absorption is detected. Furthermore,
for PDS enclosed sample cells are not necessary when the deflection medium used is air.

PDS has been used for many applications since it was originally proposed, a few
of which are mentioned in section 2.1. Recently, Halvorson and Heeger have used
Photothermal deflection spectroscopy to measure linear and non-linear optical absorption,
using a pulsed tuneable laser for the pump beam.”’

Seager et al., also interested in the nonlinear optical properties of organic
polymers, used PDS to obtain the linear absorption spectra for several materials,
including poly(p-phenylenevinylene).”  They found that the limitation on the
transparency of the polymers they measured came from the low energy tail of the
absorption edge, rather than absorption from overtones. The results obtained here are in
agreement with that conclusion as far as absorption is concerned. Other PDS
measurements of polymer films have been reported by So et al.,”” although their films
were free-standing and between 40-120 microns thick — far thicker than is appropriate for
the waveguide configuration.

My intention in this work has been to develop and use a photodeflection
spectroscopy system to measure the absorption in thin films of PPV and PPV/PVP
composites, comparing the losses in polymers prepared under different processing
conditions, and to determine whether the losses in such waveguides are dominated by
absorption or other processes.

Some of the theoretical modelling on which the photodeflection spectroscopy
system 1s based is presented in Chapter 2, with numerical simulations which were used to
determine the best set of parameters for working with thin polymeric films on glass
substrates. The experimental design and construction of the system is then discussed.

Chapter 3 presents the results of measurements of slides of PPV and PVP, from
which the most suitable samples and preparation conditions were chosen for use in the
composite PPV/PVP films. The studies of the composite films show that the linear
absorption of the films 1s not the dominant factor in the propagation losses recorded in the
films as waveguides. Rather, the losses are most likely dominated by scattering from
impurities present in the PPV after conversion or from crystalline domains. As these may
be reduced by altering the polymer processing, PPV in composite films has been shown

to be worth continued study as a material for all-optical switching devices.
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2. Theory and Experimental Design

In this chapter the design of the photodeflection spectroscopy apparatus is
discussed.  Since the proposal of photodeflection spectroscopy for absorption
measurements in 1980,® many contributions have been made towards the complete
understanding of the mechanisms involved in the technique, and the optimal design
parameters (such as pump beam chopping frequencies, detection style, etc.) for different
purposes. After a survey of this work, the numerical simulations used to check some of
the parameters for measuring thin polymer films will be discussed, and the design of the
apparatus built for this purpose.

The films to be studied are of the order of 1 micron thick, with absorptions of less
than 1cm™ at wavelengths between 600nm and 1.5um. The photodeflection spectroscopy
system was constructed so as to be sensitive enough to be able to measure this. The
various elements of the system are discussed in the second half of this chapter, and the
approach to calibration is discussed in section 2.7. The preparation of the polymers for
the waveguiding films 1s discussed in section 2.8, and in section 2.9 the technique for

obtaining the total propagation losses for light in the waveguiding films is presented.

2.1 Studies of Photodeflection Spectroscopy

2.1.1 Theoretical Considerations

Jackson, Amer, Boccara, and Fournier presented the first detailed description of
the theory of photodeflection spectroscopy.”® They considered both collinear and
transverse photodeflection spectroscopy arrangements; in the collinear arrangement, the
probe beam must also pass through the sample, rather than passing parallel to the medium
adjacent to the sample as used in the transverse arrangement shown in Figure 1.1. They
derived formulae for the temperature distribution and its effect on the propagation of a
Gaussian probe beam, including the influence of the angle between the pump and the
probe beam. In an analysis of the detector responses, they concluded that whilst the
signal given by lateral position sensors depends on the distance between the sample and

the detector, for their approximately lcm length detectors both these and quadrant position
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sensors gave results with similar sensitivity. They reported experimental verification of
the signal falling exponentially with increasing chopping frequency, the signal being
inversely proportional to the pump beam radius, and the dependence of the signal on
pump and probe beam offsets and angles. The experiments here were performed using a
zero tilt angle for the probe beam (parallel to the sample surface) for the best results. The
other parameters will be commented on in the discussion which follows.

Jackson et al. also compared photothermal deflection spectroscopy (PDS) with
thermal lensing (TL), which probes the curvature rather than the gradient of the
temperature field. They concluded that PDS and TL have almost the same sensitivity, but
PDS is far less sensitive to probe laser intensity fluctuations (although pointing noise still
contributes to both systems), as well as being easily applicable to opaque or scattering
samples.’’

Murphy and Aamodt, like Jackson et al., showed that the acoustic wave gives a
signal which is very much smaller than the thermal effect, and so can be neglected.*
Rousset, Charbonnier and Lepoutre showed that convective and radiative effects can still
dominate the deflection of the probe beam, but only with a high pump power (10W/cm?)
and sample temperatures reaching 400-500K - higher for the radiative effects.*’ For the
pump powers used in the experiments here (the order of 3mW at the sample), the thermal
effect dominates.

Unlike Jackson et al., Murphy and Aamodt were interested in considering other
forms of sample heating such as resistance heating, and not just an impinging modulated
light beam such as is necessary for this purpose. Murphy and Aamodt further discussed
how both the phase and amplitude of the optical beam deflection vary with offset, incident
angle and frequency, the best response corresponding to zero beam offset and tilt angle,
as used here. They also compared the beam deflection technique with photoacoustic
spectroscopy (PAS), finding that PDS is less frequency dependent than is PAS, and has
advantages for making in situ measurements without necessarily requiring elaborate
sample cells.

Other authors have considered the effects of DC heating, interferometry and wave
optics, and the relative positions of the pump and probe beams.**>*>***’

Photodeflection spectroscopy is thus now a well known technique, having been

explored and used in many different ways.
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2.1.2 Alternative Designs and Uses

Various proposals have been made for the use of the principles of photodeflection
spectroscopy in novel designs; for the measurement of the absorption spectra of thin
films, solids, liquids or gases, in situ; for measuring other thermal parameters; or for
imaging.®® PDS has also been used for detecting trace gases,*® monitoring laser heating
of surfaces,*’ and for measuring optical and transport properties and Silicon and solid
state materials.***° Thin films of carbon 60 have been studied using this technique.”

Techniques which involved the probe beam being almost collinear with the pump
beam were suggested early.”’ Chen and Zhang have suggested using interferometry, in
particular for use with strongly light-scattering samples such as powders (see also ref.
43);>* and Charbonnier and Fournier developed a compact modular structure less than
20cm in length, which can be used both for spectroscopy and for imaging, wherein the
sample can be scanned beneath the pump and probe beam.”®> Manning et al. considered a
reverse geometry, where the probe beam is on the opposite side of the sample to the
illuminating pump light.>* Horita et al. suggested a double pass method, which increases
the sensitivity for films of absorbance much less than 1;°° this is not necessary in the
current situation.

For the purpose considered here, with a thin polymer film on a fused silica
substrate, a transverse probe beam which can sample the temperature gradient above a
small region of the film is preferred to a probe beam collinear with the pump beam and
having to pass through the sample, being affected by surface irregularities and scattering.
Having the probe beam incident on the other side of the sample to the pump beam would
be unhelpful, only serving to reduce the pump intensity on passing through the substrate.

A reasonably compact structure with readily interchangeable samples and automatic

operation 1s required.

2.2 Numerical Simulations

A one-dimensional numerical simulation of the periodically varying thermal
gradient (and hence refractive index profile) in the fluid above the periodically heated
sample surface was constructed in order to help to chose the deflecting medium (air or a

higher thermal conductivity solvent); to confirm that the deflection would increase linearly
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with the absorption in the sample; and to determine what range of absorptions would be
measurable for a given set of experimental parameters.

A one-dimensional model was sufficient because for the experimental conditions,
the pump beam spot size on the sample is larger than the distance of the probe beam above
the surface of the sample, and so heat flow parallel to the sample surface could be
neglected in the region of the probe beam. A finite difference approach was taken,”® and
the program written in FORTRAN.

2.2.1 Computational Method

In the one-dimensional version of the program, two arrays of temperatures were
constructed. Each array was divided into three, representing the layers of air, polymer
and substrate; additional divisions could be added as necessary. Each number in the array
represented the temperature at that point in the system. This scheme can be depicted as in

Bigunct? sl

Sl o, S
u ate
Axsubstrate

Figure 2.1 Representation of node structure
for finite difference technique.

The simulation proceeded according to the time dependent heat conduction
equation
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pc W;f’t) = ;x(k aT;:t))+ g(x,1)
¢t 2.1.)

where T(x,t) was the temperature at position x and time t, k was the thermal conductivity,
p was the density and ¢ was the specific heat of the matenal at constant pressure. g(x,t)
was the rate of energy generation per unit volume, from the absorption of light in the
material.

The heat conduction equation was discretised (see
Figure 2.1), so that position x = mAx and time t = 1At, where m = 0,1,2...M; 1 =
0,1,2,... With Tmi = T(x,t), and the thermal diffusivity a given by

k
O =
pc
2.2 )
the heat conduction equation (away from boundaries) became
Tniﬂ Bl Tnl; T,:;—l i Tnl;+1 o 2Tni g:n
—— " = : +
At (Ax) pc
(23)
or
A U 8 = o e Bt
pc
(24)
with
oAt
r= >
(Ax)
€25 )
At nodes on the boundary between different materials equation ( 2.4 ) becomes
i+ [ k- [ [ k ] [ At
L= | (T - B (B - ) | + &
Ax_ Ax, (PR NCAT NSO
(2.6 )
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where one medium is represented with the subscript (+), the adjacent medium with the
subscript (-), and assuming that absorption occurs only in the former medium.

It was assumed that the pump light, with mcident intensity I, is absorbed only in
the polymer layer. If o is the absorption coefficient, then the heating term for equation (
2.4), in Wm?, is

g =1 exp(-amAx) [exp(atAx/2) - exp(-0Ax/2)]
(29 )

At the upper and lower boundaries of the array a constant temperature was
assumed. The distances to these points were very large in comparison to the thermal
diffusion length in the materials.

It was assumed that because the pump beam 1s broad compared with the width of
the probe beam and with the thermal diffusion length, the heat flow horizontally (if the
array is considered vertical) was negligible, as the same heating was occurring throughout
a region wider than the thermal diffusion length.

The program stepped the temperature arrays forward in time. The size of the time
steps were limited by numerical stability criteria, the basic criterion being that the

parameter r (equation ( 2.5 )), had to satisfy’’

O<r<s

(2.8)

The time steps were thus limited according to the spatial step size.

In the program, both heating and cooling cycles were simulated, and the
temperature gradient in the deflecting medium at a particular height above the polymer was
sampled. This was multiplied by a sine wave at the same phase as the simulated chopped
light, simulating the phase-locked loop of the lockin amplifier. A similar result was
obtained using a cosine, with the two results added in quadrature to obtain the total signal,
which was then averaged over time.

The program thus gave the time variance of the temperature gradient at a point

above the sample surface for each given set of program parameters.
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2.2.2 Parameters

The values of the thermal conductivity k, the density p, and the specific heat at
constant pressure c¢ of the main materials used in the numerncal simulations are given in
Table 2.1.

The values of k, p, and c used in the simulations for the polymer layer were based
on general values for plastics, and may not exactly match the poly(p-phenylenevinylene)
used in the experiments. Other values were trialed in the simulations, making lttle
difference to the overall results. The value of the thermal conductivity shown in the table
is high for plastics, representing the “worst case” in which the most heat could flow away
from the deflecting medium.

The values for quartz shown in the table were used for the substrate, to reflect the
fused silica slides used for the majority of the samples. Polyethersulphone®' was also
used as a substrate for the experiments in which air was used as a deflecting medium.
This was because using a substrate of low thermal conductivity caused more of the heat
from the absorbed light to flow in the direction of the deflecting medium (the air) where
the probe laser was propagating, rather than being lost through the substrate.

Carbon tetrachloride was investigated as a deflection medium because of the
strong temperature dependence of its refractive index (dn/dT = -0.271).” Importantly
though, it does not have any major absorption in the wavelength region of interest (near
UV to near IR), unlike chloroform for example which has a higher dn/dT (-0.598) but
also a stretch absorption feature in the near IR. Importantly also, carbon tetrachloride did
not chemically damage the polymers being studied here.

Typical computational runs used step sizes of 50nm in the polymer, 25um in the
other media, and Sns time steps; when very strong absorptions were investigated smaller

step sizes down to Snm were used in the polymer, requiring time steps of 0.05ns.

Kk o c dn/dT
(Wm'K™) (kg m™) J kg' KD (KD e |
N 0.023 1.204 1005.7 -0.95x10°
Carbon Tetrachloride® 0.099 1.5833x10° 850 -6.118x10™
Polymer 0.35 1.0x10° 155x10°
Glass (quartz)®° 1.381 2.2x10° 754
Polyethersulphone®’ 0.15 1.37x10° 1.5x10°

Table 2.1 Values used in numerical simulations
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Chopping frequencies of 14 and 30 Hz were used for most simulations in carbon ”ﬁ
|
tetrachloride and air respectively, but could be varied. :
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2.2.3 Frequency dependence fw
As the chopping frequency increases, the thermal diffusion length |1 decreases as t
1 2k
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a pc i
where a 1s the thermal diffusion coefficient, k, p and c are as defined above, and ® is the ‘
frequency. .f’
At high frequencies, the diffusion length is smaller than the separation between the :
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sample and the probe beam, and the modulations in the temperature do not travel to the
probed region. Low frequencies are therefore the most desirable. For experiments f:
performed under air, the lower limits on the frequency are given by the system reaching ;J
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Figure 2.2 Dependence of the refractive index gradient on the '{
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steady state after the peak in the temperature gradient when the sample 1s first irradiated;
further limitations on the frequency are due to the low-frequency cut off in the electronics
and the increasing 1/f noise, and the long integration times which become necessary for
the lock-in amplifier.

The results of numerical simulations are shown in Figure 2.2. The thermal
gradient obtained from the simulations has been multiplied by dn/dT (the change of
refractive index with temperature) to give the gradient of the refractive index (dn/dy, y
being vertical distance). Since dn/dT for carbon tetrachloride is approximately 640 times
greater than that for air, carbon tetrachloride is the preferred medium. At the low
frequencies in air, where dn/dy is seen to be depressed in Figure 2.2, the results have
been affected by the size of the computational array which has limited the flow of heat
from the system.

A chopping frequency of 30 Hz was chosen for these experiments. This
frequency is sufficiently low to take advantage of the improvement in signal with reduced
frequency, but sufficiently high to be able to obtain good noise rejection with a lockin

time constant of 3 seconds, without 1/f noise being a limitation.

2.2.4 Probe beam height dependence

Numerical simulations using air as a deflection medium, and in this case a
chopping frequency of S0Hz, showed an exponentially decreasing signal with increasing
probe beam height above the sample. This is plotted in Figure 2.3.

To experimentally verify this relationship, a film of poly(vinyl alcohol) doped
with chlorophyllin was placed in the sample holder. Chlorophyllin has a strong
absorption peak at 630nm, which was measured with the photodeflection spectroscopy
system. The sample holder, being on an adjustable height platform, could be adjusted for
height using a micrometer screw. The sample was lowered away from the probe beam
height, and the signal strength measured for steps of 0.5mm. Though the exact distance
between the probe beam and the sample was not measured, the signal decreased as
expected and the points have been plotted on Figure 2.3 to show a fit with the points from
the numerical simulation.

The best results are obtained for the closest possible approach of the probe beam
to the sample surface. The samples were prepared on substrates with the width of a

microscope slide (25mm), and so the closeness of approach of the probe beam was
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Figure 2.3 Variation of signal with probe beam height above sample.
The simulations were for air as the deflecting medium. The
experimental points are from chlorophyllin doped poly(vinyl alcohol)
slides in air, measured at the 630nm peak, with accurate spacing
between probe beam heights but not absolute calibration.

limited by its confocal parameter. The implications for the focussing of the probe beam

are discussed further in section 2.4 below.

2.2.5 Linearity with absorption

The strength of the signal (the amount by which the probe beam is deflected due to
the temperature and refractive index gradient) increases when the amount of energy
deposited by the pump beam in the absorbing sample within a thickness of the order of
the thermal diffusion length i1s increased. However, it is possible for the PDS signal to
saturate once all the light is absorbed within this region.

Figure 2.4 shows the results of simulations in which the thickness and absorption
of the polymer layer of the sample were varied. The plot shows the magnitude of the
time-varying temperature gradient for a series of samples of different thicknesses, for
different magnitudes of the absorption coefficient. All other parameters are as indicated in

Table 2.1, with air as the deflection medium in this case.
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Figure 2.4 Simulations of varying absorption and sample thickness. The
deflection medium is air, the probe height 0.2mm.
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It can be seen that the plots for the 1 to 10 micron thick films fall on the same line,

| showing that the signal is proportional to ol (where a is the absorption coefficient and 1 1s
| the film thickness). For films greater than 10 microns thick, the absorption of the pump
| beam occurring deeper into the (thick) film does not equally affect the strength of the
’ signal. For films up to 10 microns thick, the signal strength is directly proportional to the
thickness of the film (below saturation).

The plot has been drawn as a function of optical density al to show the effect of
saturation which occurs at an optical density of approximately 0.5. The signal varies

linearly below that level and is hence directly proportional to the absorption of the film.

Similar curves plotted for different probe beam heights indicate that saturation
occurs at the same value of al, but at different absolute signal strengths (see section
2324).
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2.3 Pump Beam Optics

In this photodeflection system, large spectral brightness at the sample surface 1s
required of the pump beam which should also be tuneable over a large range of
wavelengths from the near ultra-violet, through the visible into the near infra-red.
Halogen lamps provide relatively uniform spectral emission across this range, but have
lower brightness compared with arc lamps of equivalent power. Xenon arc lamps also
have a broad background spectral emission from 400 to 1500nm. Their disadvantage is
that their emission also contains sharp spectral lines, however these can be compensated
for by calibration. Hence the higher brightness of an arc lamp makes it the preferred
choice.

The source chosen was the Oriel 300W Xenon Arc Lamp.®® This lamp has an
effective arc size of 0.7 x 2.4mm, and a specified urradiance at 0.5m of approximately 40
mWm ™ nm"' between 400 and 800nm, with peaks up to around 500 mWm™“nm' between
800nm and 1 micron, and then dropping by an order of magnitude between 1 and 2
microns. The calibration curve in section 2.7 will show the throughput of the pump beam
system. Higher powered Xenon lamps had larger arc sizes which gave them lower
brightness, and hence were less suitable.

The entire pump beam system is shown in Figure 2.5.

The monochromator chosen was an Oriel 1/8m grating monochromator. This
compact monochromator has a variety of gratings available, and was stepper motor driven
for automatic operation.

The grating for the monochromator had to be chosen for the best throughput over
the whole spectrum being measured (300 or 400nm-1500nm). The grating chosen was
Oriel catalogue number 77299, a 600 lines/mm ruled grating blazed at 1lum. The grating
1s specified as useable between 400 and 2000nm, so the lower end of the spectrum is
limited; however the major spectral features being studied were within the grating’s
operating range.

The pump light had to be focused into the monochromator, matching its F-number
(F/3.5) as closely as possible. The wide output of the arc lamp required a 69mm aperture
condenser lens for collimation. An Oriel F/0.7 four element silica-borosilicate crown
‘Aspherab’ lens was used to collimate the light from the arc source, and then an f=250mm
lens selected to focus the light into the monochromator. This gave a magnification of
3.5/0.7 = 5, so that the approximately 0.7 x 2.4mm arc was imaged at approximately 3.5
X 12mm at the entrance slit of the monochromator. The monochromator had slits 12mm

high, with variable widths. The entrance slit was generally kept slightly wide (4.3mm),
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Figure 2.5 Pump Beam Optical System

to allow as much light as possible through, at some expense to bandwidth, which 1s
discussed below.

The light is chopped before entry into the monochromator, typically at 30Hz (see
section 2.2.3).

A telescope and mirror arrangement was constructed to 1:1 image the vertical
monochromator slit onto the horizontal sample surface, with the probe beam propagation
in the directions of the longer dimension of the image. Two 60mm achromats were used
for this purpose. The length of the stripe, approximately 10mm, was appropriate for
working with samples of microscope-slide dimensions.
| Prior to striking the sample the pump beam is also passed through an
i interchangeable high-pass filter, to block the higher orders of diffraction from the grating

| monochromator. The filters are changed by a computer-controlled stepper motor. Below

550nm, no filters are used, since the drop in ultra-violet transmission through the lenses
is sufficient to prevent stray orders below that. The transmission spectra of the filters

used between 550nm and 800nm, and above 800nm, are shown in Figure 2.6.
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Figure 2.6 Filters used on the pump beam. The left line corresponds to

the LGS505 glass filter used above 550nm, and the line on the right
corresponds to the infra-red filter used above 800nm.

2.3.1 Bandwidth

The bandwidth through the system is a function of the slit width, and is limited by
the size of the lamp arc and its image at the entrance aperture of the monochromator. The
dispersion of the grating was 13.0nm/mm. Reducing the size of the slits also reduces the
pump power incident at the sample, which is undesirable for samples less than a micron
thick with absorptions of the order of 0.1cm™. Since the shape of the lamp arc means that
its 1mage imperfectly fits the entrance aperture of the monochromator, narrowing the
entrance slit has a large effect on the power throughput.

The actual bandwidth of the pump light at the sample has been measured using an
optical fibre to gather light from the location of the sample, to take it to another
monochromator attached to a spectral imaging system. The power in the pump beam was
measured using a Newport power meter, averaged over the chopped pump beam at
900nm.

For 1.0mm entrance and exit slits, the fibre at any one location in the pump beam
measured the full-width half-maximum bandwidth of 14nm, but over the whole of the exit
slit image a total bandwidth of 32nm. The measured power at the sample was 7mW. For

0.5mm slits, the power was 2mW.
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Increasing the entrance slit to 2.5mm, the total bandwidth (and power) for a
0.5mm exit slit was 45nm (9mW), for a 1.0mm exit slit 46nm (17mW) and for a 3.0mm
exit slit 63nm (53mW). For a fully open 4.3mm entrance slit, a 0.5mm exit slit gave a
bandwidth of 58nm (14mW average power); a 1.0mm exit slit gave 63nm (28mW), and a
3.0mm exit slit gave 93nm (82mW). These are the bandwidths over the whole of the exit
slit; the probe beam, with a width of approximately 100um (section 2.4) would see a
slightly smaller bandwidth, and indeed 1s more dependent on the input than the output slit.

Even though setting the entrance slit at 4.3mm meant a poorer bandwidth
performance, most measurements used this configuration, giving improved power at the
sample and, through the bandwidth, protection against wavelength calibration errors
which could arise from backlash or stepping errors in the stepper motor driver of the
monochromator, or from variations in the sample surface’s intersection with the pump
beam (relative to the intersection of the reference black sample with the pump beam - see
section 2.7.1). This then minimised errors which could arise in regions where the
calibration curve for the pump beam power had large slopes or peaks. The exit slit was
usually set at lmm width, the 1:1 image of which, incident on the sample, was still much

wider than the probe beam sampling the medium immediately above it.

2.4 Probe Beam Optics

The probe beam system, which has to satisfy requirements of stability, sensitivity
and a close approach between the probe beam and the sample, is shown in Figure 2.7.

The probe beam was required to make a close approach to the sample surface, and
not be broadened too much by diffraction upon reaching the detector. It could not be
refocussed after the sample since that would also reduce the absolute deflection of the
probe beam at the detector. The probe beam also had to be stable from power
fluctuations, and needed good pointing stability. For this reason diode lasers were
rejected, and a polarised laser chosen. A Helium:Neon 632.8nm laser was chosen as
satisfying these requirements, as well as having a wavelength suitable for detection. The
laser was a 10mW Melles Griot laser, from which the beam emerged from with a 1/°
diameter or 0.68um, and a divergence of 1.18mrad.®> Those figures were the given
specifications, and were consistent with measurements by a Spiricon beam analysis

system.
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Figure 2.7 Probe Beam Optical System

The beam had to be focused to a small diameter waist over the sample surface, but
in order to obtain a close approach to the surface, a sufficiently large confocal-parameter
was required. For convenience the samples were based on the width of a microscope
slide - 25mm. By using an 88.3mm lens situated 200mm from the laser’s exit aperture, a
waist of 102um diameter was obtained 91mm from the lens, with a confocal parameter 2b
= 26mm. Measured with the Spiricon beam analysis system, the waist was found to be
106um in diameter, at a distance of 92+4mm.

When Carbon Tetrachloride was used as the deflection medium, it was kept within
a sealed stainless-steel cell with glass windows on every side. The cell was placed on a
special mount on the adjustable-height stage, which ensured that the position and angle of
the cell was repeatable (see section 2.6.2). The cell was at a slight angle to the probe
beam, so that the reflections from the glass faces did not enter the detection system, or
were backreflected into the laser, causing interference. The length of the beam path
through the cell was 50mm. With a refractive index of 1.459.%* the probe laser system
had to be adjusted by 7mm to account for the shift in the beam focus.

The probe beam was set at a fixed height, but the sample platform could be raised
to obtain the closest possible approach to the beam without causing significant diffraction.

After passing over the sample, the beam was reflected by an adjustable mirror onto the
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detector. This mirror also turned the beam away from the monochromator stand, as
shown in the diagram of the complete setup, Figure 2.11.

The detector was 180mm from the sample, struck by a 1.4 mm spot.

A 633nm line filter and an infra-red blocking filter were used to prevent any stray
light from the arc lamp from striking the detector. All of the optical elements were slightly
mis-aligned, to prevent back-reflections and interference, and thus preventing spurious

noise from stray reflections back into the laser destabilising it.

2.5 Detection System

2.5.1 Photodiode

The deflection of the beam by the thermal gradient above the sample surface had to
be measured. The distance of the detector from the sample was kept small so as to reduce
the diffraction broadening of the beam and minimise the possibility of drafts or air-borne
dust from disturbing the beam path.

A bi-cell detector could be used to measure the deflection, the deflection being
determined by the vanation in the relative power striking the different halves of the
detector. Simple knife-edge schemes, wherein a single photodetector measures the
variation of the power in the beam which passes by a knife edge, have also been
proposed.”®*® Various groups have used knife edges,®® bi-cells,”*®® quadrant detectors™

and continuous detectors.’

Figure 2.8 The knife-edge detector measures the deflection
of the beam by how much of the beam gets past the knife
edge just in front of the detector.
Using a linear position sensor has the advantage that the reading is a direct linear
measurement of the position of the centre of the spot on the detector; this linearity is

typically correct to 0.5% over the central 25% of the active are of the detector.®” There is
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no gap in the centre of the detecting area, as with bi-cells. The resolution of bi-cells