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ABSTRACT

Photonic structures capable of responding to an analyte with an easily identifiable
change in their optical properties have generated wide interest due to their possible
application as holographic sensors. Holographic sensors are considered a low-cost,
lightweight and disposable technology, and have potential for application in different
areas ranging from medical diagnostics to environmental sensing including the
monitoring of environmental temperature and relative humidity. In spite of the existing
wide range of temperature and humidity sensors, holographic sensors are of special
interest as they can provide fast, real-time, reversible or irreversible, visual colorimetric
or electronic readouts.

The main objective of this project was the development of holographic sensors
with response to relative humidity and/or temperature. Holographic humidity sensors
were fabricated by holographic recording of volume phase transmission gratings in
acrylamide /diacetone acrylamide-based photopolymers containing polyvinyl alcohol as
a binder. The diffraction efficiency and the Bragg angle were found to be humidity
dependent in the relative humidity range 20 - 90 %. It was shown that reversibility of
the response, sensitivity and operation range of the sensor can be tuned by varying the
photopolymer composition. Best sensitivity up to 3%DE/%RH was observed for
diacetone acrylamide-based gratings in the relative humidity range 70 - 90 %.

A novel thermosensitive photopolymer containing N-isopropylacrylamide as the
main monomer was developed. The diffraction efficiency up to 80 % in transmission
mode and 20 % in reflection mode was achieved. It was demonstrated that the
temperature switchable swelling/shrinking of the novel N-isopropylacrylamide-based
photopolymer can be implemented in the development of holographic temperature
sensors, temperature visual indicators and holographic optical elements with
temperature controlled direction of the diffracted light and diffraction efficiency. Best
sensitivity up to 2%DE/°C and 4.3nm/°C was obtained for sensors based on volume
phase transmission and reflection gratings, respectively.

For the first time, an optical sensor based on the surface relief structure with
reversible response to relative humidity in the range 35 - 97 % was developed. The
device comprises the Aztec grating as a substrate and a coating thin polymer film as a
sensing medium. It was demonstrated that alteration of the coating layer composition

allows tuning the operation range and sensitivity of the device.
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1. THE NEED FOR RELATIVE HUMIDITY AND TEMPERATURE

MONITORING

Temperature and humidity have a big impact on our life and they are the most
frequently measured physical quantities, as all processes in nature and in industry
depend on temperature and humidity. Their accurate measurement and control are
necessary in both industrial processes and domestic applications. Thus, temperature and
humidity sensors have a large number of applications in textile and food processing
industries, meteorological services, automotive and microelectronic industries,
intelligent control of the living environment in buildings and many others. To satisfy
this wide range of demands, various techniques and instrumentations are implemented
depending on measurement requirements in different industrial processes. The review of

currently used humidity and temperature sensors is presented in the following sections.

1.1. Humidity sensors
There are a lot of techniques for the humidity detection ranging from the simplest
method of exploiting the contraction/expansion of human hair to the most sophisticated
techniques utilising a miniaturised electronic chip [1-5]. These techniques are based
either on probing the fundamental properties of water vapour or employing different
transduction methods. Depending on the sensing material, humidity sensors can be
classified into semiconductor, ceramic, electrolyte and polymer humidity sensors [6, 7].
According to the transduction techniques, humidity sensors can be categorised into
mechanical, optical, gravimetric, resistive, capacitive, piezoresistive and magnetoelastic
sensors [6-8]. The main interest of this project is optical humidity sensors and

holographic humidity sensors, in particular.



Optical humidity sensors are based on colour changing holograms [9-13], on
grating/prism couplers [14-16], optical fibres [17-29] and the chilled mirror hygrometer
[30, 31]. They can be used for the determination of humidity and the dew point
temperature.

The humidity measurement defines the water vapour amount present in a gas or
gas mixtures, such as air. Humidity can be expressed in different terms and units.
Absolute humidity (AH), relative humidity (RH) and dew/frost point are commonly
used terms. Absolute humidity is the ratio of the mass of water vapour (m,) to the
volume of gas or gas mixtures (V) in which the water vapour resides. Absolute humidity

is expressed in grams per cubic meter and defined as follows:

m
AH =—". 1.1
v (1.1)

The ratio of the partial pressure (py) of water vapour present in a gas at a
particular temperature and pressure to the saturation water vapour pressure (pys) at that
temperature and pressure is called relative humidity. Relative humidity is determined

by [32]:

RH =2 5100% . (1.2)
pWS

Relative humidity is a function of temperature, and thus it is a relative measurement.
When air is cooled down significantly and it becomes saturated with water
molecules (RH = 100 %), condensation will occur. The temperature (above 0°) at which
the water vapour in a gas condenses to water is called the dew point. Frost point is the
temperature (below 0°) at which the water vapour condenses to ice. The dew/frost point

temperature is preferably used in meteorology.



According to the measurement units, there are two types of humidity sensors:
Relative humidity sensors and absolute humidity (moisture) sensors. Most of the
humidity sensors available on the market are relative humidity sensors.

Crucial parameters of a humidity sensor are operating range, accuracy, response
time, repeatability and reversibility (for reversible sensors), size, weight, cost, ease of
operation and maintenance. The requirements for humidity sensors vary according to
their applications. All the techniques discussed above have their own particular
advantages and disadvantages and none of them fulfils all the requirements. Due to a
wide range of applications, it is obvious that there is no single measurement technique

suitable for all applications.

1.2. Temperature sensors

A wide range of temperature sensors is available for temperature (7) measurements in
both industry and laboratory [33-46]. In science, the thermodynamic definition of
temperature of any bulk quantity of matter is based on the term of the average kinetic
energy per classical degree of freedom of its constituent particles. Practical way of
temperature measurement is associated with the use of calibrated transducers to convert
a measurable physical quantity into a temperature meaning [47, 48]. So, all temperature
measurements are indirect.

A primary standard system for temperature measurement is the Kelvin
thermodynamic scale. In early 1800’s, Kelvin established the concept of absolute zero
and developed a thermodynamic scale based on the coefficient of an ideal gas
expansion. His scale is a standard for modern International Temperature Scale of 1990.

International Temperature Scale of 1990 applies numerous defined points based on



various thermodynamic equilibrium states of fourteen pure chemical elements and one
compound such as water [49].

Depending on a heat (energy) transfer mechanism, all temperature sensors are
divided into two groups, i.e. contacting and non-contacting [50-52]. In contacting
temperature sensors, convection and conduction are used as a heat transfer mechanism,
whereas in non-contacting temperature sensors — radiation.

There are three main approaches for non-contacting temperature measurements.
In the laser-based methods, the laser beam stimulates the vibration of molecules in the
body under the measurement. Then, fluorescence analysis, spectroscopy, optical
refraction and tomographic thermometry are implemented. In the second approach,
acoustic/ultrasound waves are used. These sensors use the dependence of the sound
velocity on temperature of the medium where sound propagates. The third type is
radiative heat transfer thermometers which are usually called as pyrometers or infrared
thermometers. Pyrometers define the temperature of a body by the radiation which the
body emits.

Contacting thermometers can be classified as non-electrical and electrical. There
is a big variety of electrical thermometers depending on measureable physical quantity
and sensing material. Among them are resistance temperature detectors (resistance of a
metal), thermocouples (electromotive force in metal), thermistors (resistance of a
ceramic semiconductor), integrated circuit sensors (voltage-current at semiconductor
junction) and others.

There are diverse methods for non-electrical contacting temperature sensing
(Figure 1.1) [52]. Among non-electrical thermometers based on thermal expansion are
liquid-bulb thermometers (volume expansion of liquid), gas-bulb thermometers (volume

expansion of gas) and bimetallic thermometers (dimensional change of metal). Other



examples of non-electrical thermometers are thermal indicators, quartz thermometers

and fibre optic thermometers.

Non-electrical contacting temperature sensors
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Figure 1.1. Classification of temperature measuring instruments/sensors by structure and/or
energy form.

Holographic temperature sensors can be classified as the sub-category of thermal
indicators and thermometers based on thermal expansion due to the following reasons.
Firstly, the operation of holographic temperature sensors can be based on thermal
expansion of the holographic material. Secondly, temperature changes cause a change in
the reflectivity/transmittance of the holographic grating or a change in the wavelength
of the diffracted light. In case a holographic sensor is based on a reflection holographic
grating, it can work as a thermal indicator.

Among the big variety of sensors available for humidity and temperature

monitoring, holographic sensors are of specific interest in this project due to their



advantages. Motivation for the development of holographic sensors is discussed in the

following section.

1.3. Motivation for the development of holographic humidity and
temperature sensors
As outlined in the previous section, there is the need for monitoring of the
environmental temperature and humidity in both industrial processes and domestic
applications. This project is focused on the development of humidity and temperature
holographic sensors because holographic sensors offer specific advantages. A variety of
holographic recording materials with potential of functionalisation allows developing
holographic sensors with capability to detect both analytes in gas and liquid phase and
different physical stimuli. Depending on the reversibility of the changes caused by
interaction with the analyte, holographic sensors can be reversible and irreversible. Due
to their compact size and light weight, holographic sensors may be incorporated into
packaging. Sensors based on reflection gratings change the colour under exposure to an
analyte and can be used as visual indicators as they provide visual information easily
interpreted by non-specialist. Only a white light source is required to display quick
analytical information provided by the holographic indicator. Such sensors do not need
an additional readout panel and a power source. Another feature of holographic sensors
is relatively low cost of its manufacturing which is beneficial for the disposable sensor
production. Manufacturing holographic sensors can be attributed to Green Engineering
[53] as it does not require many chemicals, large amount of water and energy. The
capability for miniaturisation allows construction of holographic sensor arrays [54] and

their integration into microfluidic devices [55, 56]. Holographic sensors have the



potential for applications in diverse areas such as security, environmental monitoring,
medical diagnostics, dynamic displays and others [57].

One of the promising applications of holographic sensors is developing
advanced packaging comprising intelligent component such as a holographic label.
According to BCC Research, the global market for advanced packaging continuously
increases [58]. It was estimated at $31.4 billion in 2011 and the overall market value for
2017 is predicted to be about $44.3 billion. For example, there is a great demand for
smart packaging for pharmaceutical products which require specific storage and
transportation conditions. Exposure to humidity and heat outside of tolerance levels can
cause devices to operate in unusual way, compromise the sterility of the products,
decrease the efficiency of reagents, reduce the shelf-life or fully destroy the products. In
order to guarantee the product quality, specific storage and transportation conditions are
required for many products, for instance, leather and paper production.

Significant challenges in the development of holographic sensors are
functionalisation of holographic recording materials and improvement of their
selectivity. These materials should be permeable to the analyte and their properties
should change under exposure to the analyte. The approaches used for the development
of holographic humidity and temperature sensors in the present research are described in

the following section.

1.4. Approaches for the holographic sensor development
In this project three approaches were used in order to develop holographic sensors. The
first approach was based on exploiting the intrinsic properties of the holographic
recording material. Many holographic materials respond to changes in environmental

conditions, such as temperature and humidity, either causing changes in the recorded



hologram or causing its deterioration or destruction. For example, dichromated gelatine
holograms are found to change their colour at different levels of relative humidity [59].
However, in high humidity environments the lifetime of dichromated gelatine
holograms is poor [60, 61]. In thermoplastic materials high temperatures are used to
deliberately destroy/erase the hologram for the purposes of re-writing [62, 63]. The
humidity sensitivity of acrylamide-based photopolymer films has been known for many
years [64, 65]. Due to the highly hygroscopic nature of photopolymer component, such
as the polyvinyl alcohol binder and the polyacrylamide produced during the recording
of the hologram, the sensitivity of this photopolymer film to humidity can be
significant. While this can be a problem in terms of hologram lifetime, it can also be
turned to advantage in sensing applications. The humidity sensitivity of volume phase
reflection gratings recorded in an acrylamide-based photopolymer has been
demonstrated and characterised in the relative humidity range of 5 — 80 % [11-13].
Reversible changes in fringe spacing due to water vapour absorption have been found to
cause fully reversible variations in the diffracted light wavelength. The natural ability of
the acrylamide-based photopolymer layer to swell or shrink at different levels of relative
humidity has been exploited for the design of a holographic humidity indicator [11].
Due to highly hygroscopic nature, acrylamide/diacetone acrylamide-based
photopolymers were used as holographic recording materials in the first phase of the
research. The variety of photopolymer compositions and the possibility to tune the
properties of photopolymers by altering their compositions indicate the potential of
these materials in holographic sensing applications. Research is needed to fully
characterise the response of photopolymer-based holographic gratings to humidity
changes and to better understand the nature of the changes that occur. Thus, in order to

achieve the full potential of photopolymers, it is required to understand their behaviour



at different levels of relative humidity and know the moisture stability limit. Also, with
better understanding of the processes occurring, the response of holographic gratings to
humidity changes can be implemented for the development of holographic humidity
Sensors.

The aim of the first phase of the research was the investigation of changes in the
properties of volume phase transmission holograms recorded in photopolymers in
response to changes in the relative humidity with particular emphasis on irreversible
changes. The humidity response of volume phase transmission gratings recorded in
acrylamide/ diacetone acrylamide-based photopolymers was investigated. This
knowledge could allow development of irreversible humidity indicators to provide
warning of high humidity exposure, for example, for application in medical device and
pharmaceutical packaging. Also, it may help in the development of more stable
photopolymer materials for applications where an environmentally stable hologram 1is
essential, such as holographic data storage or holographic optical elements.

The focus of the second phase of the research was the development of a
holographic temperature sensor. For the development of holographic temperature
sensors a material with specific properties was required. The approach was based on
functionalisation of the holographic recording material, such as a photopolymer, by
incorporation of a component with sensitivity to temperature.

Undoped photopolymer compositions have significant sensitivity to humidity
and little temperature sensitivity in the range of the environmental temperatures. Most
of the photopolymers including acrylamide derivative-based photopolymers have low
glass transition temperature. In these materials, temperature exposure is known to
induce grating detuning effects originating from changes in the refractive index and the

dimensions of the photopolymer layers. The investigation of the temperature response



of volume phase reflection gratings recorded in an acrylamide based photopolymer was
previously carried out in the temperature range of 15 - 60 °C [12]. It has been shown
that the temperature response highly depends on the relative humidity level. The
temperature-induced changes in properties of volume phase transmission gratings
recorded in an acrylate-based photopolymer were investigated in the temperature range
of 27 - 43 °C [66]. At 43 °C a shift of the Bragg angle about 0.2° was observed in the
grating with the slant angle of 30°. The percentage thermal expansion of the medium
was found to be about 1 %. Such sensitivity to temperature limits the applications of
photopolymer-based gratings in data storage or as holographic optical elements.
However, the observed temperature induced changes were not sufficient for the
development of the temperature sensor with high sensitivity. Novel photopolymer
systems with better capacity to respond to temperature changes are needed. The aim of
the present research was the development of a holographic temperature sensor. The
objectives were to develop the temperature sensitive photopolymer composition capable
of recording both transmission and reflection volume holograms and characterise the
temperature response of holographic gratings recorded in this photopolymer
composition.

The focus of the third phase of the research was the development of an optical
sensor responsive to changes in relative humidity. The approach was based on
functionalisation of the surface photonic structure by coating it with the analyte-
sensitive film. The optical sensor comprises an embossed honeycomb pyramidal grating
as a substrate (the basis for a sensor) and a coating thin polymer film as a sensing
medium. The embossed honeycomb pyramidal grating presents a surface-relief
reflective diffractive structure which comprises a hexagonal array of circular hollow

nanostepped pyramids [67, 68]. The aim of using the surface photonic structure was to

10



provide an optical signal, changing due to a change in the refractive index of the coating
thin film while the geometrical parameters of the structure remained the same. The
coating layer was utilised to functionalise the photonic nanostructure and introduce the
response to an analyte. The advantage of the optical sensor based on the surface
structure is unchanged spatial period of the grating under exposure to an analyte. This
allows excluding the effect of grating thickness change and analysing the contribution
of the refractive index change in the wavelength shift caused by exposure to an analyte.
In volume gratings the response to an analyte can be caused by changes in both the
spatial period change and the refractive index change which leads to more complex
analysis. Another feature of the optical sensor is possibility to control the operation
range and time response by using coating layers with different compositions. The aim of
the research was the development of the optical humidity sensor based on the surface

relief photonic structure coated with a thin polymer film.

1.5. Objectives of the PhD research

¢ Characterisation of changes in the properties of volume phase transmission gratings
recorded in photopolymers in response to changes in the relative humidity with
particular emphasis on irreversible changes.

¢ Investigation of capability to manipulate the humidity sensitivity of photopolymer-
based gratings by variations of photopolymer compositions.

e Development and optimisation of the temperature sensitive photopolymer
composition which uses a thermosensitive monomer, such as N-isopropylacrylamide,
as the main monomer.

e Characterisation of the holographic recording ability of the thermosensitive

photopolymer in both transmission and reflection modes.
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e Characterisation of the temperature response of volume phase transmission and
reflection holographic gratings recorded in the temperature sensitive photopolymer
composition.

¢ Development of the temperature indicator based on the reflection grating recorded in
the thermosensitive photopolymer.

¢ Development of an optical humidity sensor based on the surface relief photonic
structure coated with a thin polymer film. The surface relief photonic structure

comprises an embossed honeycomb pyramidal grating.
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2. FUNDAMENTALS OF HOLOGRAPHIC SENSORS

2.1. Short history of holography

The history of holography started in 1865 when James Clerk Maxwell theoretically
demonstrated that light is an electromagnetic wave and the propagation of the light
through the medium is governed by electromagnetic laws. A number of great
discoveries had been made before the first holographic recording was realised. In 1869
Wilhem Zenker theoretically predicted the existence of the spatial variation of the light
intensity (interference pattern) produced by combination of two waves. The existence of
electromagnetic waves was experimentally demonstrated by Heinrich Hertz in 1887.
The first recording of an interference pattern on a photographic plate was done by Otto
Wiener in 1890. The following year Gabriel Lippmann developed a method of
producing colour projection of the recorded image.

In the first half of the twentieth century, a number of scientists studied the
atomic structure of crystalline materials by X-ray microscopy. At that time, Denis
Gabor worked on the improvement of the resolution of the electron microscope capable
of resolving atomic lattices and seeing single atoms. His idea was to combine the
electron wave to be recorded with another wave (reference wave) and record complete
electron wavefront, including its phase, on a silver halide photographic emulsion. After
emulsion processing, the recorded interference pattern was illuminated by the reference
wave, and the original wave, containing its phase, was reconstructed due to diffraction
process. Holography as a method of recording the complete wave field, i.e. both the
phase and the amplitude of the light waves, was invented by Dennis Gabor in 1948 [1].
Dennis Gabor received the Nobel Prize 1971 in Physics for his invention and the

development of the holographic method.
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Interference and diffraction of light waves are the two fundamental processes
involved in holography. A hologram is a two-dimensional recording of interference
pattern produced by the light wave scattered from the object and a reference wave.
However, the hologram produces a three-dimensional image of the object by
illuminating it once again with the reference wave. The main drawback of in-line
holography developed by Dennis Gabor was the presence of both virtual and real
reconstructed images in the same viewing plane.

In order to be successful in holographic recording, the stability of the
interference pattern, as well as mechanical and thermal stability are required. In 1960
new stage in the development of holography started due to the invention of the laser
which allowed producing light with temporal and spatial coherence. The light source
with temporal and spatial coherence enables the production of the interference pattern
which is stable during the recording and has high contrast. High contract interference
fringes were required to record efficient holograms.

Following the invention of the laser, the first transmission holograms of three-
dimensional objects were recorded by Emmett Leith and Juris Upatnieks in 1962 [2].
They improved Gabor’s method by introducing off-axis technique which allowed
overcoming the drawback of Gabor’s technique and separating the twin image.
Transmission holograms which produced images with realistic depth and clarity were
successfully recorded. These transmission holograms required laser light to view the
holographic image. At the same time Yuri Denisyuk developed a method of recording
reflection holograms which could be viewed in light of a broad spectral range [3].
Another milestone in the development of holography was the invention of Rainbow
holograms by Stephen Benton in 1968 [4]. Stephen Benton introduced the embossing

technique to produce transmission holograms which could be viewed in white light and
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produced a rainbow image. The invention of the Rainbow holograms promoted mass
production of cheap holograms which have been used in security, publishing,
advertising, and banking industries. Nowadays the progress in holographic development
enables the fabrication of different types of holograms with controllable optical

characteristics. The classification of holograms is presented in the following section.

2.2. Types of holograms
Holograms are classified based on what property of the recording medium is modulated
during the recording, thickness of the recording medium, whether the information is
recorded on the surface or though the volume and recording geometry.

During the holographic recording the spatially varied recording light field is
replicated as a spatial variation of the material properties. A phase hologram is recorded
as a spatial variation of the refractive index and/or thickness. An amplitude hologram is
recorded as a spatial variation of absorption coefficient.

Depending on the thickness of the photosensitive medium, the recorded
holographic gratings can be classified as thin (plain) or thick (volume). The important
parameter for the classification is the ratio of the fringe spacing (A) and the thickness of
the photosensitive layer (d). The holographic grating is thin, if the thickness of the
recording medium is small compared to the average fringe spacing. Parameter Q is used
to classify holographic gratings into thin and thick. According to [5], parameter Q is

defined by the relation:

2.1
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where 4 is the wavelength of the recording light, n is the average refractive index of the
medium. Holographic gratings with values of Q >> 1 are thick while gratings with
QO < 1 are considered as thin.

In some cases the spatially varied recording light field is replicated in the form
of the thickness variation and a surface hologram is recorded. This project is focused on
holographic sensors based on volume holograms in which the thickness of the sensitive
layer does play a role. For this reason the holographic recording using different
recording geometry will be considered in this type of holograms.

There are two main types of holographic gratings depending on the recording
geometry. Consider the case of unslanted gratings which can be recorded by two plane
waves whose wave vectors make equal but opposite angles (8”) to the surface of the
photosensitive medium. The first type is a transmission grating. The transmission
grating can be produced when the two interfering wavefronts (subject wave (Swave) and
reference wave (Ryayve)) are incident on the photosensitive medium from the same side
(Figure 2.1(a)). The holographic grating recorded in this fashion is to be viewed in
transmitted light (Figure 2.1(b)).

For volume transmission grating, diffraction of a beam with a specific
wavelength happens at a specific angle which is called Bragg angle (€ ") and is
determined by the Bragg equation:

2Asin 9' = ﬂ, , (2.2)

where /1 is the wavelength of the reconstructing light.
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Figure 2.1. Transmission hologram recording (a) and reconstruction (b).

The second type is a reflection grating. The reflection grating is recorded if two
wavefronts reach the photosensitive medium from opposite sides (Figure 2.2(a)).
Gratings of this type are to be viewed in reflected light (Figure 2.2(b)). For volume
reflection grating, the Bragg equation can be written as:

2nAsin@'= 41 (2.3)

The Bragg angle (€) is defined as the angle between the incident beam and the planes

of varying refractive index recorded in the material.
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Figure 2.2. Reflection hologram recording (a) and reconstruction (b).

Diverse applications for holography have been developed. In general, these
applications can be divided into two classes depending on the function of the hologram.
In the first class, the hologram reconstructs an image. Possible applications for this class
are data storage, imaging and security [6-13]. In the second class, the hologram
functions as an optical element. Examples of applications are displays, projection
screens, solar energy concentrators and sensors [14-24]. This project is focused on
application of holographic gratings for the development of holographic sensors and the

following section describes the fundamentals of holographic sensors.
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2.3. Working principle of holographic sensors

Holographic sensors are photonic structures created by holographic patterning of a
photosensitive material which is responsive to a specific analyte. Holographic sensors
can systematically diffract narrow-band light in the ultraviolet to near-infrared range
and provide visual colorimetric/optical readouts in real time and reversible/irreversible
manner. Holographic sensors can detect analytes in gas and in liquid phase as well as
different physical stimuli such as pressure and magnetic fields [17-20, 25-32].
Holographic sensors are considered a low-cost, lightweight, and disposable technology
and have potential for application in different areas ranging from medical diagnostics to
environmental sensing.

The sensing principle of all holographic sensors is based on the same optical
phenomena regardless of the analyte which the sensor detects. To exploit the
hologram’s response for the development of the sensors, it is necessary to understand
the way this response occurs. The base of the holographic sensor is a holographic
grating. A holographic grating has all necessary components to act as a sensor. The
analyte-sensitive film performs as a recognition component, selecting the analyte. The
sensing mechanisms are changes in the fringe spacing of the holographic grating as well
as the refractive index modulation of the photonic structure. The periodic structure is
therefore a transducer and the senor signal is the change in different holographic grating
characteristics such as the peak wavelength of the diffracted light, diffraction efficiency
and the Bragg angle.

There are two types of holographic sensors depending on the recording geometry
of the holographic grating utilised. The first type is a sensor based on a transmission
diffraction grating. This sensor relies on the alterations of the diffraction efficiency and

the Bragg angle shift when interaction with a target analyte occurs (Figure 2.3). The
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sensor requires both a light source of a specific wavelength for its illumination and a
photodetector to monitor a change in a signal level, such as a diffraction efficiency
alteration or a variation of the diffracted light direction. The diffraction efficiency (7) of
a volume phase transmission grating at Bragg incidence is determined by the coupled

wave theory [33]:

n:sinz( md j (2.4)
Acos @

where n’ is the refractive index modulation, A is the wavelength of the reconstructing
beam, @ is the Bragg angle inside the photopolymer layer. Changes in the diffraction
efficiency occur due to variation of the refractive index modulation and/or thickness of
the grating. Thickness changes arise through swelling or shrinkage of the bulk material
leading to changes in the grating spacing, causing the Bragg angle shift.

Figure 2.3 illustrates the sensing principle of a holographic sensor based on a
transmission grating. Consider the case of a volume transmission grating with the
following parameters: the thickness d;, the refractive index modulation n;’, the spatial
period A; and the Bragg angle outside the layer &,". Upon illumination the grating
diffracts the light and the diffraction efficiency of the grating is a function of d;, n,’, A,
and 6,". The interaction with the analyte produces changes in optical properties of the
sensitive film and in holographic grating geometry. These changes ultimately cause
alterations in the direction of the diffracted light and the diffraction efficiency which is

now a function of new parameters: d>, n,’, A; and 6.
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Figure 2.3. The principle of operation of a holographic transmission grating sensor.

Diffraction efficiency alterations (A7) can be caused by the effect of different

parameters which can be determined by the differentiation of Equation (2.4) [34]:

an _ 2 ( zn'd )[An'+dd_dﬂ+tanedej, 2.5)
n ( an'd j A cos 0 n' d A
tan | ————
Acos 8

where An’ is the refractive index modulation change, Ad is the thickness change, A4 is
the variation of probe wavelength and 46 is the shift of the Bragg angle inside the
medium.

The second type of the holographic sensor is a sensor based on a reflection
grating. The sensor operates via changes in the wavelength (colour) of the diffracted
light under exposure to an analyte. These sensors are the focus of the most of the

research as they can be used as visual indicators which don’t need an additional readout
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device to interpret the response. The direction of the maximum intensity of the light
diffracted from the periodic photonic structure created in reflection mode is determined
by Bragg’s law (Equation 2.3). Differentiation of Equation (2.3) allows evaluating the
contribution of different parameters on the spectral response of the sensor [20]:

A—l:@+&+cot0'ﬁﬁ'. (2.6)
A n A

Bragg angles in reflection geometry of recording are typically close to 90°. Thus, the
contribution of the last term in Equation (2.6) is usually negligible. Depending on the
properties of the sensitive medium, the fringe spacing variation and the change in the
overall refractive index of the sensitive medium have different impact on the spectral
response of the sensor. The operation principle of a holographic reflection grating

sensor is shown in Figure 2.4.
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Figure 2.4. The principle of operation of a holographic reflection grating sensor.

When the reflection grating is illuminated with white light, light of a specific

wavelength (colour) is diffracted. The colour of the observed light is determined by the
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fringe spacing. The interaction with the analyte causes the dimensional changes of the
sensitive medium due to its shrinkage or swelling. This leads to the variation in fringe
spacing and, hence, the wavelength of the diffracted light alters. Thus, if the sensing
material swells, the wavelength of the diffracted light will shift to longer wavelengths.

Moreover, the interaction with the analyte can have effect on the effective
refractive index of the sensitive medium. The effective refractive index can be changed
because of the physicochemical modification of the holographic material during
exposure to the analyte. These changes ultimately cause a change in the optical path
length between holographic fringes leading to the wavelength shift. Observable change
in the wavelength of the diffracted light due to refractive index variation can be
obtained in the case of a significant change of the refractive index.

The physicochemical properties of a holographic recording material are a key
factor for the development of the holographic sensor. Holographic materials with the
sensitivity to a specific analyte are good candidates for the applications in holographic
sensor production. Holographic recording materials available for holographic sensing

applications are discussed in the following section.

2.4. Holographic recording materials for holographic sensing
In addition to fulfilling the requirements for holographic recording, holographic
materials for sensing applications should be responsive to a target analyte providing
detectable changes in properties of created photonic structures in the presence of the
analyte. There are three main groups of photonic materials utilised for holographic
sensing which are classified by photochemical and physical processes involved in the

holographic recording.
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2.4.1. Photopolymers

The first type is photopolymer materials that are capable of changing their optical
properties under light. A wide variety of photopolymerisable materials for holographic
recording has been reported in literature [35-43]. A photopolymer system generally
consists of a main monomer and, optionally, a cross-linking monomer, a photoinitiating
system including a sensitising dye and an electron donor, and a polymeric binder. Chain
transfer agent can be added in order to improve the spatial resolution of some materials
for recording in reflection mode. The main advantages of the photopolymer materials
are wide dynamic range, high sensitivity, low scattering, the ease of preparation, self-
processing nature and relatively low cost. However, photopolymers suffer from the
material shrinkage during the holographic recording [44, 45].

Most of the research on applications of photopolymers for holographic sensing
is dealing with acrylamide/acrylamide derivative-based photopolymers. The advantage
of photopolymer-based holographic sensors is the ability to achieve high diffraction
efficiency. The sensitivity of the photopolymer to a specific analyte arises from the
natural ability of the photopolymer to respond to the external stimuli. The natural ability
of the acrylamide derivative photopolymer layer to swell or shrink at different levels of
relative humidity or applied pressure was exploited for the design of a holographic
humidity sensor [31] and a pressure sensor [46, 47].

The fabrication of the holographic sensor in the acrylamide derivative-based
photopolymer includes two steps. Firstly, the photopolymer layers are prepared by
mixing photopolymer components followed by coating the solution on a substrate and
drying at ambient temperature and low relative humidity. Secondly, the photonic

structure is created by holographic patterning of the photopolymer layer. Figure 2.5
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shows the formation of a volume phase transmission grating during holographic

recording in the photopolymer.
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Figure 2.5. Formation of a holographic grating through photopolymer chemistry.

When the photopolymer layer is exposed to the interference pattern, a polymerisation
process is initiated in the illuminated areas where monomer molecules form polymer
chains leading to change in molecular polarisability and density change. The
photopolymerisation is accompanied by the diffusion process. Due to the created
concentration gradient, monomers diffuse from dark to bright regions and short polymer
chains diffuse in opposite direction. Holographic patterning of the photopolymer leads
to the spatial variation of the refractive index of the material due to photopolymerisation
and diffusion of photopolymer components [48-56]. A volume phase grating is recorded
as a spatial variation of the refractive index. Depending on the permeability of the
polymer matrix which greatly affects the diffusion rate, the main contributor to the
refractive index modulation can be either density change or molecular polarisability

change [54].
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The fabrication of holographic sensors through photopolymer chemistry has a
great potential due to the ease of the holographic sensor preparation and its low cost.
These are beneficial for the mass production of disposable sensors. Also, capability to
achieve high diffraction efficiency of photopolymer-based gratings allows creating

labels with a bright image.

2.4.2. Silver halides-based materials
The second class is silver halide based materials which have higher light sensitivity than
photopolymers [57-60]. Silver halide emulsions consist of silver halide with a light-
sensitive dye dispersed in functionalised polymer matrix. Silver bromide is the most
commonly used silver halide. Polymer matrix can be composed of gelatine, poly(2-
hydroxyethylmethacrylate), polyacrylamide and polyvinylalcohol. Utilisation of
different synthetic dyes allows holographic recording at different wavelengths.

In contrast to photopolymer materials, the development of the sensor based on
silver halide materials is a time consuming process and consists of a lot of steps. The
creation of the holographic sensor through silver halide chemistry includes 1) making of
the analyte-sensitive polymer matrix, 2) diffusion of silver ions into the matrix and
formation of silver halides, 3) holographic patterning of the material to produce
multilayer photonic structure and 4) developing and post-processing steps to fix the
hologram and improve the diffraction efficiency [58, 61]. A volume phase grating
developed by silver halide photochemistry represents a periodic variation of the
refractive index produced by periodic distribution of silver nanoparticles in the
functionalised polymer matrix (Figure 2.6). The sensitivity of the hologram to a target
analyte originates from the ability of functionalised polymer matrix to alter its

properties under exposure to the analyte.
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A variety of holographic sensors developed through silver halide chemistry will
be discussed in section 2.5. One of the main advantages of this technique is the
possibility to create a holographic sensor in hydrophobic polymer to detect analytes in

aqueous solutions [25, 62].
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Figure 2.6. Distribution of silver grains formed by holographic patterning in functionalised
polymer matrix.

2.4.3. Photopolymers doped with nanosized zeolites

The third class are photopolymers doped with nanosized zeolites. Zeolites are
crystalline materials with a very regular pore structure of molecular dimensions [63-65].
There is a large variety of nanosized zeolites depending on their framework type, pore
dimensions and Si/Al or Al/P ratios [66]. The incorporation of zeolites having various
shapes and structures into a photopolymer medium can improve the dynamic range of
the material, decrease its shrinkage and create sensitivity of the material to a specific
analyte [29, 67-72].

The fabrication of a holographic sensor based on zeolite-doped photopolymers

includes the steps described for undoped photopolymers in section 2.4.1 and one
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additional step. Doping the photopolymer solution with the nanoparticle suspension has
to be done during the mixing photopolymer components. Figure 2.7 shows the
formation of a volume phase transmission grating in a nanoparticle doped photopolymer
layer. During holographic recording the nanoparticles are excluded from the bright

fringe area without participation in polymerisation process.
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Figure 2.7. Formation of a holographic grating in a photopolymer doped with nanoparticles
through light induced redistribution of nanoparticles and photopolymer chemistry.

The model based on exclusion of nanoparticles from the bright fringe area is strongly
supported by the experimental data [67, 68, 70, 71, 73-80]. The materials contained
nanoparticles with refractive index lower than that of the host of the material have the
refractive index profile as shown in Figure 2.7. In the case of materials doped with
nanoparticles having higher refractive index, a phase shift of 180° between the

interference pattern profile and the refractive index profile is observed. The response of
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the hologram recorded in nanocomposites to a target analyte originates from the ability
of nanoparticles to absorb the analyte leading to changes in the refractive index
modulation of the created photonic structure. A big variety of nanoparticles with
different shape and size provides possibility to manipulate the selectivity of the
holographic sensors.

Despite of the advantages of nanotechnology, there are the health issues
originating from the utilisation of nanocomposites [81-83]. Nanoparticle toxicology
establishes the hazard of nanoparticles and their potential risk during the development,
production, utilisation and discarding the nanomaterials. The toxicity of nanoparticles
arises from their fine size which is smaller than cells and cellular organelles. This
allows nanoparticles to penetrate basic biological structures disrupting their normal
function. Harmful effects of nanoparticles on human health are known to depend on
both personal factors and nanoparticle properties such as size, chemistry, shape and
electromagnetic properties [84-88]. Thus, to benefit from nanotechnologies, toxicity
safe design of materials and devices is required in order to minimise or prevent adverse

health impacts.

2.5. Progress in holographic sensor technology
Holographic sensors fabricated using different photonic materials are summarised in
this section. So far, a variety of holographic sensors with sensitivity to different analytes
have been developed. Holographic gratings can be used as sensors for analytes in gas
and liquid phase as well as different physical stimuli such as pressure and magnetic
field. Sensors also vary in type depending on the sensing mechanism.
One of the first holographic sensors was capable of measuring water activity in

hydrocarbon solvents [89]. Reflection holograms recorded in gelatine-based
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holographic plates were immersed in different mixtures of water and solvent. The shift
of the wavelength of the diffracted light due water activity was monitored using a
spectrophotometer. Gelatine-based reflection gratings were also used for the detection
of biological molecules. Holographic sensors showed the sensitivity to trypsin and
chymotrypsin [90] and amylase [25]. Quantification of alcohol content was carried out
by a holographic sensor developed in poly(2-hydroxyethyl methacrylate) film [62]. A
variety of alcoholic beverages were tested and the accuracy of the measurements was
found to be within 0.3 vol %. A holographic sensor developed through dye-based
photopolymerisation was fabricated to monitor organic solvent (ethanol, methanol,
propan-2-ol, dimethyl sulfoxide) concentration [91].

A number of holographic sensors have been developed for pH detection. Among
them are hydrogel-based nanoparticle-doped photonic crystal sensors [19, 92] and
sensors based on hydrogel containing ionisable monomers [93] or N-acryloyl-m-
aminophenylboronic acid [28]. Holographic sensors for ions of Na" and K" have been
fabricated from crown ethers incorporated into polymeric hydrogels [94]. A holographic
sensor for real-time detection of divalent metal ions (Ca**, Mg**, Ni**, Co**and Zn*")
has been created by incorporating a chelating monomer into a hydrogel matrix [95].
Holographic gratings recorded in polymer hydrogels, such as acrylate, acrylamide and
vinyl alcohol, have been used for detection of glucose [26], bacterial spores [27], lactate
[96, 97]. Molecularly imprinted silver-halide reflection and transmission gratings have
been developed for the detection of testosterone [17, 98].

Holographic sensors are also capable of effective monitoring of levels of
potentially hazardous or toxic gases. Ammonia-sensitive photonic structures have been
produced in Nafion membranes [99]. Hydrocarbons and volatile organic compounds can

be detected by the holographic sensor developed in silicon elastomer [30].
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Holographic sensors can detect a physical influence such as magnetism or
pressure. A holographic sensor with the response to magnetic field can be developed by
using organic polymer which exhibits magnetic properties as a recording medium and
creating a hologram in this material through silver-halide chemistry [100]. A
holographic pressure sensor based on reflection holograms recorded using silver-halide
chemistry in an acrylamide copolymer [100] and a pressure sensor based on reflection
gratings recorded in the diacetone acrylamide-based photopolymer [47] have been
developed.

Sensors based on nanocomposites have also been created. Incorporation of
AIPO-18 zeolite nanoparticles to the acrylamide-based photopolymer has been found to
introduce an irreversible change in the diffraction efficiency of holographic gratings
under exposure to high humidity [101]. Holographic sensors based on diffraction
gratings recorded in the diacetone-acrylamide-based photopolymer doped with BEA
type zeolite nanoparticles have response to methanol, isopropanol, and 2-methylpropan-
2-ol and allow the real-time measurements of alcohol in its gaseous form [102].

As shown above, a range of holographic sensors has been developed for
different analytes. However, only few systems for humidity and temperature
measurement have been reported. The aim of this project is to develop holographic
sensors with response to the relative humidity changes or temperature variations.

Following chapters present experimental results obtained during the research.
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3. THE EFFECT OF HUMIDITY AND TEMPERATURE ON THE
PROPERTIES OF UNSLANTED TRANSMISSION GRATINGS RECORDED IN

AN ACRYLAMIDE-BASED PHOTOPOLYMER

3.1. Introduction

This chapter reports the investigation of the effect of humidity and temperature on
properties of unslanted volume phase transmission gratings recorded in an acrylamide-
based photopolymer. The acrylamide-based photopolymer is under continuous study
due to its advantages discussed in Chapter 2, section 2.4.1 and because of its possible
practical applications, such as holographic interferometry [1-5], holographic optical
elements [6-8], holographic data storage [9-14] and holographic sensors [15-19]. The
application of photopolymer-based gratings for the holographic sensing of humidity is
the focus of the research presented in this chapter.

It has been observed that in certain environmental conditions the diffraction
efficiency, Bragg angle of recorded gratings, and even the layer surface can be affected
by humidity. In [18] the humidity response of a volume reflection hologram recorded in
an acrylamide-based photopolymer was investigated in the relative humidity range from
5 to 80 %. Humidity-induced changes in properties of the grating were found to be fully
reversible after exposure to the relative humidity up to 80 %, and the hologram regained
its original characteristics when the humidity returned to 20 %. The humidity response
of the reflection grating was utilised for the development of a visual indicator of
environmental humidity [19]. The indicator changed its colour under exposure to
different levels of humidity due to the humidity-induced changes in the fringe spacing
as the medium gained or lost moisture. Later, responses of a volume reflection

hologram to humidity (10 — 80 % RH) and temperature (15 - 50 °C) were studied in
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more detail [17]. Only reversible changes of holographic grating properties were
observed. Research into the effects of humidity on transmission gratings is very limited
and has been carried out only at 60 % RH [20]. After exposure to the relative humidity
of 60 % the diffraction efficiency of the transmission grating is found to return to its
initial value measured at low humidity of 20 %. However, high humidity can cause
irreversible changes to the recorded hologram, even in transmission gratings. A
systematic investigation of the behaviour of transmission gratings exposed to high
humidity is of significant interest for two reasons. Firstly, the grating’s sensitivity to
humidity can be exploited for the development of irreversible humidity indicators.
Secondly, too much sensitivity to humidity can limit the use of these materials in
applications where an environmentally stable hologram is required. Research is needed
to fully characterise the effect of high humidity on the properties of transmission
gratings to better understand the nature of the irreversible changes and find out the
moisture stability limit of the grating.

The aim of the research presented in this chapter is the investigation of the
behaviour of diffraction efficiency, thickness, refractive index modulation and Bragg
angle of unslanted volume phase transmission gratings recorded in acrylamide-based
photopolymer layers under humidity exposure at different temperatures. Specifically the
irreversible changes of the properties of transmission gratings caused by exposure to

high humidity (RH > 80 %) and the role of temperature on these changes are analysed.

3.2. Theoretical background for the refractive index modulation
calculation
Kogelnik’s coupled wave theory provides analytic formulae for the calculation of the

diffraction efficiency of the volume gratings [21]. To evaluate the applicability of the
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coupled wave theory in a particular case, Q factor should be calculated using
Equation (2.1). In the present research, unslanted volume phase transmission gratings
with a spatial frequency of 1000 + 27 lines/mm were recorded in the photopolymer
layers with the thickness of 80 = 5 pm. According to Equation (2.1), these parameters
correspond to Q factor of about 200 and, thus, the coupled wave theory for the
calculation of the diffraction efficiency/refractive index modulation can be applied.

According to the coupled wave theory, refractive index modulation is determined by:

Acos@sin™
Ay cos @sin (\/5) )
zd

where 4 is the wavelength of the reconstructing beam, @ is the Bragg angle inside the
photopolymer layer at this wavelength, # is diffraction efficiency of the recorded
volume transmission grating. @ is related to the external Bragg angle (8”) by Snell’s
law:

nsin@ =sin@'. (3.2)

@’ is given by Bragg’s law (Equation 2.2).

3.3. Experimental

3.3.1. Sample preparation
A self-processing acrylamide-based photopolymer developed at the Centre for Industrial
and Engineering Optics, Dublin Institute of Technology [22-24] was used as a
holographic recording material. The photosensitive solution optimised for recording in
transmission mode consisted of two monomers - 0.6 g acrylamide and 0.2 g
N,N’—methylenebisacrylamide, 2 ml of triethanolamine, 17.5 ml of 10 % w/v
polyvinylalcohol stock solution and 4 ml of 0.11 % w/v of methylene blue stock

solution. The 10% w/v polyvinyl alcohol stock solution was prepared by adding 10 g of
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polyvinyl alcohol into 100 ml of deionised water. The solution was slowly heated up to
T = 80 °C and stirred by using a magnetic stirrer. The 0.11 % w/v dye solution was
prepared by dissolving 0.11 g of methylene blue in 100 ml of deionised water. To make
the photopolymer stock solution, the components were mixed using a magnetic stirrer in
a dark room. Photopolymer layers were prepared by depositing the photopolymer stock
solution on the levelled glass slides (26 x 76 mm?) and drying for 24 hours in a dark

roomat T=21+2°Cand RH=35+5 %.

3.3.2. Holographic recording
Unslanted transmission volume phase gratings with a spatial frequency of
1000 % 27 lines/mm were recorded using a two-beam set-up (Figure 3.1) with an angle

of 37° between the beams.

He-Ne Laser ] N
(633 nm) |:O | NN

Figure 3.1. Recording set-up: S -electronic shutter; HW — half-wave plate; SF — spatial filter;
CL - collimator; BS — beam splitter; M — mirror; PL — photopolymer layer.

The photopolymer layers were exposed to two 633 nm beams obtained by splitting He-
Ne laser beam. The total recording intensity was 5 mW/cm? and the recording time was
10 sec. Recording time of 10 sec was used in order to achieve the diffraction efficiency

of gratings in the range of 35 - 40 %. Immediately after the recording the gratings were
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UV-cured with the exposure of 9 J/em? using a UV Exposure unit (Mega Electronics,
model 5503-11) in order to polymerise all residual monomers. After UV-curing, the
absorption of the photopolymer layer at 633 nm was negligible, so 633 nm beam from

He-Ne laser was employed as a probe beam for the Bragg selectivity curve

measurements.

3.3.3. Bragg selectivity curve recording and thickness measurement
Each grating was characterised by measuring its diffraction efficiency at different
incident angles and its Bragg selectivity curve was recorded by a computer controlled

system. The set-up for the Bragg selectivity curve recording is shown in Figure 3.2.

n

L

Deviation from Bragg
angle (degree)

He-Ne laser Iin
(633 nm)

Diffraction effiodency
%

>
Diffraction grating

Figure 3.2. Set-up for the Bragg selectivity curve recording: RS — rotation stage;
MC — motion controller; PC — computer; PD — photodetector.

To measure the Bragg selectivity curve, the sample was mounted on a rotation stage
which was computer controlled via a motion controller (model Newport ESP300 with
angular resolution of 0.1°). A 633 nm beam from He-Ne laser was employed as a probe
beam during the Bragg curve measurements. The Bragg selectivity curve measurement

was performed by monitoring the first-order diffracted beam intensity (/;) using an
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optical power meter (Newport Model 840) while the sample was rotated. LabVIEW
software was used to plot the data of the diffraction efficiency in real time as the
incident angle of the probe beam was varied + 2° from the Bragg angle. The diffraction
efficiency was defined as the ratio of the diffracted beam intensity and the intensity of
the incident beam (;;,).

The Bragg selectivity curve and thickness measurements had been carried out
before and after humidity exposure. After humidity exposure, all the samples had been
dried for 24 hours at 7= 18 + 2 °C and RH = 35 + 5 %. The diffraction efficiency of the
grating was estimated from the maximum of Bragg selectivity curve. The thickness of
the dry layers was measured with a white light interferometric surface profiler

MicroXAM S/N 8038.

3.3.4. Testing the humidity and temperature responses of holograms
The experimental set-up for the testing the humidity response of transmission gratings is
presented in Figure 3.3. A controlled environment chamber with humidity and
temperature control system (Electro-tech system, model 5503-11) was utilised to obtain
different environmental conditions. The chamber is equipped with ETS Series 5000
Microprocessor Controller which is used to precisely control the temperature and
humidity, to provide an accurate measurement and to monitor the chamber environment.
The humidity level in the chamber can be reduced down to 10 % RH by the
desiccant/pump dehumidification system. An ultrasonic humidification system allows
the relative humidity to be increased up to 100 %. The heating system can increase the
temperature from ambient temperature to 55 °C. The chamber was able to maintain the

relative humidity and temperature with accuracy of + 1 % and + 1 °C, respectively.
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Figure 3.3. Schematic representation of the set-up for the testing the humidity response of
the transmission grating during the humidity exposure. PD — photodetector, L - lens.

To minimise the inaccuracy caused by beam scattering due to water condensation on
the photopolymer layer surface, intensities of transmitted (Iy) and diffracted (I;) beams
were monitored during humidity exposure. The readings were taken after 30 min of
humidity exposure to allow the samples to equilibrate with the surrounding conditions

and the diffraction efficiency in this particular experiment was defined as I/(1;+1).

3.4. Results and Discussion

3.4.1. Diffraction efficiency change due to variation of relative humidity
In order to characterise the influence of relative humidity on the diffraction efficiency,
the gratings were placed in the humidity chamber and the diffraction efficiency was
measured. For ease of comparison, normalised diffraction efficiency was used. The
normalised diffraction efficiency was defined as the ratio of the diffraction efficiency at
the current relative humidity and the diffraction efficiency at the start of the experiment,

measured at the relative humidity of 20 %. Figure 3.4 shows the dependence of
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normalised diffraction efficiency on relative humidity during humidity exposure at

different temperatures.
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Figure 3.4. Normalised diffraction efficiency versus relative humidity at different temperatures:
(4)-8+1°C;(0)-16£1°C; (¢)-21x1°C.

As can be seen from Figure 3.4, at 20 % < RH < 70 % the change in diffraction
efficiency during humidity exposure does not depend on the temperature and follows
the same trend for all three temperatures. However, at RH = 80 % and 90 % the
normalised diffraction efficiency is different for different temperatures. As the
temperature increases, the normalised diffraction efficiency drops further at the higher
humidity.

It can also be observed in Figure 3.4 that for all three temperatures the
normalised diffraction efficiency slightly increases in the relative humidity range
20 — 60 %. This is most probably due to swelling of the photopolymer layer as a result

of absorption of moisture from the environment. The swelling is initially only in
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direction perpendicular to the glass substrate, as the good adhesion of the photopolymer
layer to the glass substrate prevents dimensional change in direction along the surface.
Thus effectively the thickness of the hologram is increased and the diffraction efficiency
increases as well. Similar swelling/shrinkage occurring only in the vertical direction
was previously observed in reflection gratings [17, 18].

In addition it has been previously shown [17, 18], that the changes in diffraction
efficiency of reflection gratings, recorded in acrylamide-based photopolymer layers,
after exposure to RH < 80 % are reversible. Since we aim to investigate irreversible

changes, we focused our attention on high humidity (RH = 80 % and 90 %).

3.4.2. Diffraction efficiency change after exposure to RH = 80 % and 90 %
To investigate the reversibility of the diffraction efficiency changes observed during the
exposure to high humidity, samples were exposed to high humidity at different
temperatures for 60 min and left to recover for 24 hours at 7 = 18 + 2 °C and
RH =35+5 %. Normalised diffraction efficiency, calculated as the ratio of the
diffraction efficiency after humidity exposure followed by drying and the diffraction
efficiency at the start of the experiment (before humidity exposure), is presented in
Figure 3.5. As seen from the graph, except for the lowest temperature of 8 +1 °C,
exposure to high humidity does result in an irreversible decrease of the diffraction
efficiency. The magnitude of the irreversible decrease also depends on temperature
during humidity exposure and it is greatest at 7 =21 + 1 °C and RH = 90 %, dropping to

approximately half the initial value.

61



1 L
=
S
N
< 0.8 -
£ 5
=«
= 0.6 -
2 g
= .2
Eg 04 ¢
)
Z

0.2 -

0

16°C 21°C
Temperature, °C

Figure 3.5. Normalised diffraction efficiency after exposure to high humidity and drying:
RH =80 % (m) and 90 % (=) at different temperatures.

3.4.3. Diffraction efficiency change after exposure to RH = 90%: dependence

on time of exposure
In this section we investigate the effect of the duration of the humidity exposure on the
observed change in diffraction efficiency. The time for which the grating has been
exposed is found to have a significant effect on the diffraction efficiency after exposure.
Figure 3.6 shows the normalised diffraction efficiency measured after exposure to high
humidity for a set period of time at three different temperatures: 8 + 1 °C, 16 = 1 °C and
21 £ 1 °C. These samples were exposed to RH = 90 % for the specified amount of time
and then were returned to normal humidity (RH = 30 - 40 %) before the measurement
was taken. At T =8 + 1 °C a few percent reduction in diffraction efficiency is observed
for samples exposed to up to 2 hours at high humidity. At T=16 £ 1 °C and 21 =1 °C
normalised diffraction efficiency significantly declines during the first 40 min of

exposure and then is almost constant. Fitting the experimental curves by single
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exponential decay, time constants were found to equal to 31 min, 22 min and 18 min at
8+1°C,16+1°Cand 21 £ 1 °C, respectively. Hence, the time constant is shorter, i.e.
the process is faster, at higher temperature. From this result we can conclude that the
magnitude of the irreversible decrease of the diffraction efficiency depends on both

humidity exposure time and temperature during humidity exposure.
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Figure 3.6. Normalised diffraction efficiency after exposure to RH =90 % at T=8 + 1 °C (A),
16 £1°C (o), 21 £ 1 °C (#) versus humidity exposure time.

3.4.4. Diffraction efficiency change after exposure to RH = 90 %:
dependence on temperature
The temperature dependence of irreversible decrease of the diffraction efficiency after
exposure to RH = 90 % has been investigated in more detail. The results are presented
in Figure 3.7. Humidity exposure time was 60 min for this graph, as after this period of

time saturation of humidity induced changes was observed (Figure 3.6).
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Figure 3.7. Temperature dependence of normalised diffraction efficiency after exposure
to RH =90 % for 60 min.

It can be seen that changes in normalised diffraction efficiency induced by exposure to
RH =90 % are fully reversible, when the temperature during the humidity exposure is
kept below 9 °C. At 9 < T < 16 °C decrease of normalised diffraction efficiency is about
few percents. In case the temperature exceeds 16 °C the changes become irreversible.
Moreover, exposure to RH = 90 % at higher temperature leads to a larger drop in
normalised diffraction efficiency. These results suggest that it might be that the
structure changes in the holographic grating under the combined influence of high
humidity and elevated temperature. Changes in structure are supposed to be attributed to
one of the ingredients of the photopolymer — triethanolamine. The content of
triethanolamine is about 47 % of total weight. It is well known that the freezing/melting
temperature range of triethanolamine is in the range of 17.9 - 21 °C [25]. Below this
temperature range the created photonic structure is likely to be more stable and,

consequently, the diffraction efficiency changes are reversible.

64



3.4.5. Change in grating thickness, Bragg angle and refractive index

modulation

3.4.5.1. Change in grating thickness
According to the coupled wave theory [21], the change in diffraction efficiency of
unslanted transmission gratings implies a change in thickness and/or refractive index
modulation in the recorded gratings, assuming the value is measured at the Bragg angle.
To better understand the processes behind the observed diffraction efficiency decrease,
the change in thickness after exposure to RH = 90 % for different amount of time has

been measured (Figure 3.8).
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Figure 3.8. Normalised thickness after exposure to RH=90 % at T=8 + 1 °C (A),
16 £ 1 °C (o), 21 £ 1 °C () versus humidity exposure time.

The graph shows normalised thickness as a function of time of exposure to high
humidity. Normalised thickness was calculated as the ratio of the thickness measured

after exposure to humidity followed by drying and the thickness measured before

65



exposure to humidity. Irreversible decrease in thickness indeed takes place and it is
larger when the temperature is higher (Figure 3.8). It has also been visually observed
that there is lateral dimensional change of the photopolymer layer as illustrated in

Figure 3.9.

a) photopolymer layer
A(0)
[IENT
glass substrate
b) hotopolymer layer
A(RH) P f ymeriay
[  ARNRRNN ]
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Figure 3.9. Schematic representation of the photopolymer layer before (a) and after (b)
exposure to RH =90 % at T > 15 °C. A(0) and A(RH) is the fringe spacing before and after
humidity exposure, respectively.

The thickness decrease and lateral stretch observed can be explained as follows. Upon
exposure to humidity the layer swells in all directions increasing the thickness and both
lateral dimensions. Because the layer is centimetres long in the two lateral dimensions
and only around 80 pum in the thickness dimension, the effect is much more noticeable
in the layer width and length, which are observed to visibly increase and overhang the
edge of the substrate by a few millimetres. In moderate humidity and/or lower
temperatures the layer will recover its original dimensions fully when returned to the
original conditions, but above certain temperatures and humidity levels, the layer is
stretched beyond its capacity to recover and collapses to a lower thickness while

remaining ‘stretched’ in the lateral dimensions.
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Because of this lateral stretch the fringe spacing also changes irreversibly and
Bragg’s law (Equation (2.2)) predicts a change in the Bragg angle. Experimentally this
can be observed as a shift in the Bragg angular selectivity curve and it will be discussed

in section 3.4.5.2.

3.4.5.2. Shift in Bragg selectivity curve
Figure 3.10 illustrates the Bragg selectivity curve of a typical phase volume
transmission grating measured before and after exposure to RH =90 % at T=16 + 1 °C

for 60 min.
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Figure 3.10. Bragg selectivity curve before (m) and after (0) exposure to RH = 90 % at
T=16+1°C for 60 min.

By measuring the change in thickness it is possible to predict the change in the fringe
spacing and thus calculate the expected Bragg angle shift using Equation (2.2). The

experimentally observed shift in Bragg angle is in a good agreement with Bragg angle
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shift calculated by Equation (2.2) taking into account the change in thickness of the
grating after humidity exposure as discussed above. The experimentally observed shift
in Bragg angle confirms that an irreversible change in fringe spacing of the transmission
grating occurs which is in line with the observed irreversible layer expansion in the
horizontal direction caused by exposure to high humidity. This irreversible expansion is
most probably due to stretching of the layer beyond the point of elastic deformation. As
the photopolymer is a viscoelastic material, the irreversible layer expansion can be
explained by decreasing layer viscosity due to water absorption and, hence, by
decreasing its elasticity.

The shift in Bragg angle has been analysed for different exposure times at

different temperatures (Figure 3.11).
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Figure 3.11. Bragg angle shift after exposure to RH=90 % at T=8+1°C (A), 16 =1 °C (D),
21 £ 1 °C (#) versus humidity exposure time.
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It is clearly seen that the magnitude of the Bragg angle shift (Figure 3.11) follows the
same trend as the thickness change (Figure 3.8). At 7= 8 + 1 °C unchanged thickness is
accompanied by a zero shift in Bragg angle. At higher temperatures shift in Bragg angle
is bigger because of the bigger layer expansion. It is worth emphasising again that the
Bragg selectivity curve shift that would be expected due to thickness change is in a
good agreement with the measured value. So, for example, after exposure to 90 % RH
for 100 min, the observed and calculated from the change in layer’s dimensions shifts in

Bragg angle for the three different temperatures are shown in Table 3.1.

Table 3.1. Comparison of the experimentally measured and calculated from the layer’s
thickness change Bragg angle shift at different temperatures.

Temperature, °C

Measured Bragg
angle shift, degree

Calculated Bragg
angle shift, degree

8+1 0 0
161 0.7 0.7
211 1.8 1.5

Calculations have been done assuming that the volume of the layer remains
approximately constant. For example, the 7 % drop in thickness observed for the sample
exposed at T = 16 °C (Figure 3.8) is estimated to be accompanied by 3.5 % increase in
length leading to the spatial period increase from 1 um to 1.035 um. Taking into
account the spatial period increase, the Bragg angle shift of 0.7° has been calculated
using Equation (2.2). Small discrepancy between observed and calculated shift in Bragg

angle at 21 + 1 °C can be caused by thickness measurement error.

3.4.5.3. Refractive index modulation
Given the significant irreversible diffraction efficiency change that accompanies the

above dimensional changes, it is important to understand whether there are other
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irreversible changes taking place in the grating in addition to the dimensional
deformation of the photopolymer layer. Dimensional changes alone would be unlikely
to cause such a significant drop. Such changes could be mass transport between the
areas illuminated by dark and bright fringes during the exposure to high humidity. Since
the density and the refractive index of the photopolymer is higher in the bright fringe
areas, the decrease in the diffraction efficiency due to exposure to high humidity could
be caused by effective decrease of the refractive index in the bright areas and/or
effective increase of the refractive index in the dark fringe areas. A mass transport from
bright to dark fringe areas could be the process causing the changes described above.
Another explanation could be the different porosity of the grating’s fringes (created
during exposure to the bright and dark fringes of the recording interference pattern) and
their different ability to retain water.

Using the thickness data and taking into account the shift in Bragg angle, we
have estimated the refractive index modulation by Equation (3.1). It has been found that
the diffraction efficiency drop cannot be explained only by the thickness change and
shift in Bragg angle. A small change in the refractive index modulation has also
occurred.

Normalised refractive index modulation, defined as the ratio of refractive index
modulation after exposure to humidity followed by drying and refractive index
modulation before humidity exposure, is used to analyse the change in refractive index
modulation (Figure 3.12). As can be seen from Figure 3.12, there is no change in
normalised refractive index modulation caused by exposure to RH = 90 % at
T=8+1°C. This result is in a good agreement with unchanged normalised diffraction

efficiency (Figure 3.6). Exposure to high humidity at 7= 16 + 1 °C and 21 + 1 °C leads
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to the decrease of refractive index modulation and, consequently, normalised diffraction

efficiency is also reduced (Figure 3.6).
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Figure 3.12. Normalised refractive index modulation after exposure to RH = 90 % at
T=8+1°C(A),16+1°C(0),21 =1 °C (¢) versus humidity exposure time.

3.5. Conclusions
The investigation of the volume transmission grating properties after exposure to high
humidity has been carried out. Both the diffraction efficiency and the Bragg angle are
observed to change irreversibly at higher temperature, and full reversibility was
confirmed for lower temperatures. When gratings were subjected to relative humidity of
80 % and 90 % at a temperature of 8 °C the observed changes were fully reversible.

However, irreversible changes in diffraction efficiency, thickness, refractive index
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modulation and Bragg angle were observed when the temperature during the humidity
exposure was higher than 16 °C.

The shift in Bragg selectivity curve can be explained by the irreversible
dimensional change in layers. Irreversible changes in diffraction efficiency, however,
are caused by this change in thickness and a change in the refractive index modulation
implying some diffusion processes occur more freely as the layer takes on moisture.
The magnitude of the irreversible change highly depends on humidity level, temperature
during the humidity exposure and on humidity exposure time.

This sensitivity of transmission gratings, recorded in acrylamide-based
photopolymer layers, to high humidity (RH > 80 %) can be utilised for the development
of irreversible humidity holographic sensors, but also can limit the application of this
material when non-sensitive to the environment material is needed. The fuller
understanding the processes induced by high humidity, knowing limits past which
irreversible changes occur and quantification of those changes help in the design of
sensors and also in the identification of the acrylamide based photopolymer version
which is less sensitive to humidity. Further research in this direction will be discussed in

Chapter 4.
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4. INVESTIGATION OF THE SENSITIVITY TO HUMIDITY OF UNSLANTED
TRANSMISSION GRATINGS RECORDED IN AN ACRYLAMIDE-BASED
PHOTOPOLYMER CONTAINING N-PHENYLGLYCINE AS A

PHOTOINITIATOR

4.1. Introduction

In Chapter 3 it has been demonstrated that properties of transmission gratings recorded
in an acrylamide-based photopolymer are humidity-sensitive. In analysing this
sensitivity to humidity, it is important to distinguish between reversible change,
irreversible change and damage. Stable holograms that exhibit repeatable, reversible
changes in diffraction efficiency can make useful reversible sensors. Holograms that
undergo irreversible change that is repeatable and easy to recognise visually can
function as indicators, demonstrating visibly that threshold humidity has been reached.
However, deterioration of diffraction efficiency and changes in fringe spacing are
unacceptable in many applications such as holographic optical elements [1] and
holographic data storage [2, 3]. Also, both surface damage and delamination of the
photopolymer layer from the substrate are never desirable. Thus there is a demand for
holographic recording materials with little or no sensitivity to humidity.

Attempts have been made to improve the environmental stability of acrylamide-
based photopolymer layers, using an aerosol sealant as a protective layer [4]. It was
found that the sealant increased the humidity stability of the material. However, this
sealant created a layer with increased scattering and produced some deterioration in the
optical quality of the resulting holographic optical elements. The use of high optical

quality glass cover slide is another sealing approach which can be used to decrease the
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humidity sensitivity of holographic devices. But this is not convenient for every
application and adds cost and complexity to the production process.

In Chapter 3 it has been established that a photoinitiator such as triethanolamine
(TEA) can affect the stability of the recorded photonic structure at temperature around
or above the freezing/melting temperature of TEA. It should be noted that TEA is a
commonly used photoiniator in acrylamide-based photopolymers [5-8]. The poor
stability of acrylamide-based photopolymer films containing TEA at 80 % RH and
25 °C has also been reported in [9]. To decrease the sensitivity to humidity the authors
proposed to modify the photopolymer composition by replacing traditionally used
electron donor such as TEA with N-phenylglycine (NPG). When TEA was substituted
by NPG [9], an improved surface quality was reported under humid conditions. It was
shown that the NPG photopolymer layer appeared unaffected by its exposure to
80 % RH at 25 °C, while the TEA photopolymer layer was visibly damaged. However,
no quantitative investigation of the effect of humidity on the properties of holographic
optical elements recorded in the NPG material was carried out at that time.

The aim of this research is to investigate the effect of humidity on the diffraction
efficiency of unslanted phase volume transmission gratings recorded in an acrylamide-
based photopolymer containing NPG as a photoinitiator (NPG-sample). Experimental
data of NPG-samples are compared with the experimental data of an acrylamide-based
photopolymer containing photoinitiator of TEA (TEA-sample) so as to quantitatively
compare the humidity sensitivity of the two materials. The humidity response of
unslanted phase volume transmission gratings recorded in a photopolymer composition

containing both initiators is also discussed.
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4.2. Experimental

4.2.1. Sample preparation
Two types of acrylamide-based photopolymers containing different photoinitiating
systems have been used as a holographic recording material. The first type is a version
of the acrylamide-based photopolymer that uses NPG as the electron donor, developed
in Shanghai Institute of Optics and Fine Mechanics [9, 10]. In this formulation, NPG
and a red-light sensitive dye (methylene blue) is used as a photoinitiating system. The
layers prepared with this formulation were reported as having an improved resistance to
humidity and so it is of interest as a method of controlling humidity sensitivity. The

composition of the material is presented in Table 4.1 (NPG-sample).

Table 4.1. Photopolymer compositions

Chemical reagent NPG-sample | TEA-sample
Polyvinyl alcohol (PVA) 9.41 % wiv 7.57 % wiv
Acrylamide (AA) 033 M 0.64 M
N,N’- methylene bisacrylamide (BA) | 0.03 M 0.054 M
Methylene blue (MB) 25%x10* 6x10*M
Triethanolamine (TEA) --- 0.53 M
N-phenylglycine (NPG) 0.088 M -

The second type is an acrylamide-based photopolymer composition developed at
the Centre for Industrial and Engineering Optics, Dublin Institute of Technology
[6, 11, 12]. In this formulation the photoinitiating system is TEA and methylene blue. In
present research the standard composition of an acrylamide-based photopolymer
containing TEA for recording in transmission mode was modified by increasing the
amount of monomers. It was done in order to have the same monomer concentration in
both types of dry layers (Figure 4.1). The reason for aiming at the same monomer
concentration in both compositions is to assure that at the end of holographic recording
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the amount of polyacrylamide is the same in both types of layers. Thus, any variation in
their response to humidity cannot be directly attributed to the difference in
polyacrylamide content which is known to be a hydroscopic material [13]. The
composition of the material is presented in Table 4.1 (TEA-sample). Percentage by
mass of the photopolymer components in both types of dry layers is shown in

Figure 4.1.

NPG-sample TEA-sample

4% 4%

Figure 4.1. Percentage by mass of the photopolymer components in dry layers.

The 20 % w/v polyvinyl alcohol stock solution was prepared by adding
20 grams of polyvinyl alcohol into 100 ml of deionised water. The solution was slowly
heated up to 7 = 80 °C and stirred by using a magnetic stirrer. The 0.11 % w/v dye
solution was prepared as described in Chapter 3, section 3.3.1. To make the
photopolymer stock solution, the components shown in Table 4.1 were mixed using a
magnetic stirrer in a dark room. The layers were prepared by casting the photopolymer
solution over the levelled glass slide (26 x 76 mmz) and dried for 24 hours in a dark
room at 7 =21 + 2 °C and RH = 35 = 5 %. The amount of deposited photopolymer
solutions containing NPG and TEA was 0.8 ml and 0.3 ml, respectively. The thickness

of the layers was in the range of 50 - 60 um.
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The recordings of unslanted transmission volume phase gratings were carried
out by using a setup presented in Figure 3.1 (Chapter 3, section 3.3.2). Transmission
gratings with a spatial frequency of 1000 + 27 lines/mm and diffraction efficiency of
35 — 40 % were recorded. The total recording intensity was 5 mW/cm? and the recording
times for TEA-sample and NPG-sample were 10 sec and 25 sec, respectively. These
conditions were chosen in order to achieve similar starting diffraction efficiency in the

two types of the layers.

4.2.2.  Characterisation of holographic diffraction gratings

Each holographic diffraction grating was characterised by measuring its diffraction
efficiency at different incident angles. The Bragg selectivity curve was then recorded by
a computer controlled system presented in Figure 3.2 (Chapter 3, section 3.3.3). An
unexpanded 532 nm beam from Nd:YVOy laser was employed as a probe beam during
the Bragg curve measurements in this study. This wavelength was chosen in order to
avoid undesired absorption by samples that were still photosensitive to red wavelength
(prior to UV-postexposure). Depending on the goal of the experiment, the Bragg curve
measurements were carried out before and after UV-postexposure and/or before and
after exposure to humidity followed by drying.

In order to investigate the effect of UV-postexposure on diffraction efficiency of
samples and their humidity sensitivity, the samples were exposed to UV-light with the
intensity of 2.5 mW/cm? for different amounts of time using a UV Exposure unit (Mega
Electronics model LV 202-E). To investigate the effect of humidity on diffraction
efficiency of gratings, different environmental conditions were obtained by a controlled
environment chamber with humidity and temperature control system (Electro-tech

system, model 5503-11) described in Chapter 3, section 3.3.4. The experimental set-up
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for the testing the humidity response of transmission gratings is presented in Figure 3.3.
After exposure to high humidity the samples were dried for 24 hours at 7= 18 + 2 °C

and RH =35 + 5 %. Then Bragg selectivity curve measurements were carried out again.

4.3. Results and Discussion
4.3.1. Dependence of diffraction efficiency on relative humidity levels

The effect of humidity on the properties of gratings was investigated by exposing the
gratings to a range of humidity levels at constant temperature (7 = 21 + 1 °C). This
temperature had been chosen because, as discussed in Chapter 3, section 3.4.2-3.4.4, a
significant irreversible decrease of the diffraction efficiency was observed at
T=21+1° and RH =90 % in TEA-samples.

In order to characterise and compare the diffraction efficiency changes for
different samples under humidity exposure, normalised diffraction efficiency was
calculated. For every level of relative humidity at which a diffraction efficiency
measurement was carried out, the sample was remained at that level for 30 min in order
to allow it to equilibrate with the environment. Both the first-order diffracted beam
intensity and the transmitted beam intensity were monitored. In order to account for
scattering losses due to condensation of moisture on the photopolymer surface, in this
experiment the diffraction efficiency was calculated as the ratio of the first-order
diffracted beam intensity and the sum of the first-order diffracted beam and transmitted
beam intensities. Then the normalised diffraction efficiency was defined as the ratio of
diffraction efficiency at given humidity level and the diffraction efficiency measured at
the start of the experiment at 20 % RH.

Figure 4.2 shows the normalised diffraction efficiency of TEA-sample and
NPG-sample versus relative humidity.
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Figure 4.2. Normalised diffraction efficiency versus relative humidity:
(#) - NPG-sample and (o) - TEA-sample.

As can be seen from Figure 4.2, in the range of RH = 20 - 70 % the normalised
diffraction efficiency of NPG-sample is constant, whereas the normalised diffraction
efficiency of TEA-sample slightly increases. As discussed in Chapter 3, section 3.4.1,
this increase can be explained by swelling of the TEA-layer in direction perpendicular
to the glass slide due to water absorption. It results in the increase of thickness and,
hence, the normalised diffraction efficiency increases. Since the normalised diffraction
efficiency of NPG-sample remains constant, the NPG-layer absorption of moisture
from the environment is either very limited and/or it doesn’t cause a detectable
swelling, thus, these layers are non-sensitive to humidity changes in this relative
humidity range.

Different behaviour of normalised diffraction efficiency of TEA-sample and
NPG-sample in the range of RH = 20 - 70 % can be explained in terms of different

ability of these materials to absorb moisture from the environment because of their
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different compositions. As can be seen from Figure 4.1, NPG-sample mainly contains
polyvinyl alcohol and acrylamide which are solid materials [14, 15] whereas TEA-
sample in addition to polyvinyl alcohol and acrylamide contains a significant amount of
triethanolamine which is a viscous liquid [16]. Triethanolamine due to its liquid nature
makes the layer less dense. The density of the layers was calculated using the mass of
the deposited amount of solution and the thickness of the layer. It was found that the
density of the TEA-sample and the NPG-sample is approximately 1.04 g/cm’ and
1.75 g/cm3 , respectively. Thus, the photopolymer layer containing NPG is the denser
and less porous material than the photopolymer layer containing TEA. The permeability
of NPG-sample is also lower than that of TEA-sample.

At RH > 70 % the normalised diffraction efficiency of NPG-sample and TEA-
sample drops. As shown in Chapter 3, section 3.4.2, the decrease of normalised
diffraction efficiency of TEA-sample is irreversible. The change in normalised

diffraction efficiency of NPG-sample at high humidity, however, was found to be

completely reversible and was studied further in greater detail.

4.3.2. Diffraction efficiency dependence on the duration of humidity

exposure to RH = 90 %

To investigate the effect of humidity exposure time, changes in normalised diffraction
efficiency caused by exposure to RH =90 % at T =21 + 1 °C for a set of exposure times
have been analysed. In this experiment the diffraction efficiency was initially measured
at RH = 30 %, then the samples were exposed to RH = 90 % for different amounts of
time. After exposure to high humidity the samples were left for 24 hours at RH = 30 %
and the diffraction efficiency was measured again at RH = 30 %. The normalised

diffraction efficiency was calculated as the ratio of the diffraction efficiency after and
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before exposure to high humidity. Figure 4.3 shows the normalised diffraction
efficiency of NPG-sample and TEA-sample for different humidity exposure times.

It can be observed from Figure 4.3 that normalised diffraction efficiency of
NPG-sample does not decrease after exposure to RH = 90 % for 30 min. Therefore, the
decrease of normalised diffraction efficiency of NPG-sample observed during the
humidity exposure at RH = 80 - 90 % for 30 min (Figure 4.2) is reversible. The original
diffraction efficiency of NPG-sample is fully recovered after exposure to RH = 90 % for
30 min. It can also be observed that the diffraction efficiency of NPG-sample does not
decrease after 60 minutes exposure to RH = 90 %. For longer humidity exposure times
the fall off in diffraction efficiency is much smaller for NPG-samples than for TEA-
samples, confirming a significant resistance to grating deterioration in very high relative

humidity.
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Figure 4.3. Normalised diffraction efficiency versus humidity exposure time:
(#) — NPG-sample and (0) - TEA-sample.
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4.3.3. Effect of exposure to UV-light on the diffraction efficiency

To better understand the processes behind the observed different dynamics of the
diffraction efficiency of NPG-sample and TEA-sample under exposure to humidity, the
effect of UV-postexposure on TEA-sample and NPG-sample was analysed. For this
purpose, after the recordings TEA-samples and NPG-samples were exposed to UV-light
for a set period of time. This is normally carried out in order to remove any residual
sensitivity of the layers to light. In TEA-samples TEA plays the role of both
photoinitiator and plasticiser. The light absorbing dye is highly mobile over the short
fringe distances (in order of 1 um) and bleaching with UV-light has a uniform effect on
bright and dark fringes. For longer exposures this means that the diffraction efficiency
remains stable under UV-exposure. However, some increase of diffraction efficiency is
observed for partially polymerised TEA-layers (gratings recorded during short exposure
times).

The dependence of normalised diffraction efficiency on UV-postexposure time
is presented in Figure 4.4 for both formulations. In this experiment the normalised
diffraction efficiency has been defined as the ratio of diffraction efficiency measured
after certain UV-postexposure time and the diffraction efficiency measured before UV-
postexposure.

As can be seen from Figure 4.4, UV-postexposure for 30 min causes increase of
normalised diffraction efficiency of TEA-sample by 60 %, whereas the normalised
diffraction efficiency of NPG-sample is decreased by 60 %. The normalised diffraction
efficiency of TEA-sample reaches saturation after 15 min UV-postexposure, while the

normalised diffraction efficiency of NPG-sample still decreases after 15 min.
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Figure 4.4. Normalised diffraction efficiency versus UV-postexposure time:
(#) - NPG-sample and (0) - TEA-sample.

The different dynamics of normalised diffraction efficiency of NPG-sample and
TEA-sample under UV-postexposure can be explained in terms of monomer diffusion
rates inside these materials. It has been observed previously that TEA affects the
diffusion rates of the photopolymer components [17]. Since TEA plays the role of a
plastisizer, it increases the diffusion rates. During holographic recording the monomers
diffuse from dark to bright fringes where they are polymerised. Under UV-light
exposure, which is uniform and has no fringe pattern, all remaining monomers are
polymerised, including those remaining in the dark fringe regions. The increase of the
diffraction efficiency in the case of TEA-sample implies that the refractive index
modulation increases under UV-postexposure. However, UV-light exposure causes an
overall deacrease in the diffraction efficiency of NPG-sample. This could be attributed
to the very slow monomer diffusion rate in the NPG-sample The restricted diffusion

during the recording process may lead to the gratings having the opposite refractive
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index distribution to the one in the TEA-sample, causing UV polymerisation to have the
opposite effect on the diffraction efficiency. This is further discussed in section 4.3.5
where two scenarios assuming fast and slow monomer diffusion are considered for the
explanation of both UV-postexposure results and the influence of high humidity on the

diffraction efficiency of TEA-sample and NPG-sample, respectively.

4.3.4. Humidity sensitivity of UV-stabilised samples

The humidity sensitivity of NPG-samples after UV-postexposure for 30 min has been
further investigated. Changes in normalised diffraction efficiency caused by exposure to
RH =90 % at T = 21 = 1 °C for a set period of time have been analysed. In this
experiment the normalised diffraction efficiency was defined as described in section
4.3.2. Figure 4.5 shows the normalised diffraction efficiency of samples with UV-

postexposure for different humidity exposure times.
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Figure 4.5. Normalised diffraction efficiency of samples with UV-postexposure
versus humidity exposure time: (¢) - NPG-sample and (o) - TEA-sample.
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As shown in Figure 4.5, the effect of duration of humidity exposure on
normalised diffraction efficiency of NPG-samples and TEA-samples is significantly
different. There is a 20 % decrease of normalised diffraction efficiency of TEA-sample
due to exposure to RH = 90 % for 90 min. In the case of NPG-sample the normalised
diffraction efficiency significantly increases with the exposure time. Thus, exposure to
RH = 90 % leads to close to linear increase of the normalised diffraction efficiency
reaching 70 % for 90 min exposure. To check if the increase is irreversible the
diffraction efficiency measurements have been carried out again 4 days after exposure
to high humidity and it was observed that this increase of diffraction efficiency was
permanent. Following section presents possible explanation for humidity induced
changes in the diffraction efficiency of TEA-sample and NPG-sample based on the

mechanism of obtaining refractive index modulation in photopolymers.

4.3.5. Mechanism of obtaining refractive index modulation in photopolymers

According to the coupled wave theory [18], the diffraction efficiency of a volume phase
holographic grating depends on the refractive index modulation of the medium where
this holographic grating was recorded. The formation of the refractive index change in
the photopolymer containing TEA as a photoinitiator has been investigated previously
[19, 20]. Based on a model published in [21] it has been proposed that changes in
density and molar refraction are the main contributors to the refractive index change
created during holographic recording. Exposure to light induces the polymerisation
process in the bright regions, and the polymer regions with higher density are formed.
The dark regions contain monomers and have lower density. Thus, we have a periodic
structure of bright and dark regions with different density. At the same time, these

regions have different molar refraction. On polymerisation in each monomer unit a
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carbon-carbon double bond having higher molar refraction is replaced by two carbon-
carbon single bonds having lower molar refraction. The periodic conversion of double
to single bonds also causes refractive index modulation which is shifted with respect to
the modulation due to density variation by 180 degrees (Figure 4.6).

Figure 4.6 shows the two processes contributing to the final refractive index
modulation — change in molecular refraction and change in density. Figure 4.6a presents
the two processes and the resulting refractive index modulation in the TEA-sample. It is
assumed that the recording is carried out in a regime when most of the monomer
molecules manage to move from dark to bright fringe regions (fast diffusion regime). In
the fast diffusion regime, mass transport of material from dark to bright fringe areas is
the main contributor to the refractive index change [19, 20, 22]. During the holographic
recording, a periodic structure of bright and dark regions with different density and
molar refraction is created. The periodic variation of density is shifted by 180 degrees in
respect of the periodic variation of molar refraction. The density changes outweigh the
changes in molar refraction and the bright fringe areas have higher refractive index.
This is supported by the experimental data on the effect of UV-light on the diffraction
efficiency (Figure 4.4).

As can be seen from Figure 4.4, exposure to UV-light after holographic
recording causes increase of the diffraction efficiency of TEA-sample. The diffraction
efficiency increase can be explained by overall increase of the refractive index
modulation due to “erasing” bond conversion variation.

Figure 4.6b shows the mechanism of obtaining refractive index modulation in
NPG-sample. It is assumed that the monomer molecules diffuse slowly and only a small

fraction of them reach the bright fringe area (slow diffusion regime).
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Figure 4.6. Mechanism of obtaining refractive index modulation in
a) TEA-sample and b) NPG-sample.

Based on the experimental results discussed in section 4.3.2 - 4.3.4, it can be
supposed that in the case of NPG-sample (slow diffusion regime), structural changes in
the monomer molecule play a major role in the formation of refractive index
modulation. Changes in molecular refraction outweigh the density changes and, thus,

bright fringe areas have lower refractive index in NPG-sample. Exposure to UV-light
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after holographic recording causes changes in the refractive index modulation due to
bond conversion and, thus, leads to the decrease of the refractive index modulation in
NPG-sample. Exposure to high humidity which allows the polymer chains to move
from bright to dark fringe areas can then lead to a decrease in the refractive index in the
bright fringe areas and, hence, decrease in diffraction efficiency of TEA-sample. In case
of NPG-sample, exposure to high humidity leads to increase in refractive index in dark

fringe areas and increase in diffraction efficiency (as observed in Figure 4.5).

4.3.6. Influence of triethanolamine on humidity sensitivity of photopolymer layers
To investigate the effect of TEA on humidity sensitivity of the layers, normalised
diffraction efficiency of NPG-samples and TEA-samples with different content of TEA
was analysed. In this experiment, two additional types of samples were prepared. The
first type was an NPG-sample in which the content of TEA in the dry layer was 9 wt %.
It was made by adding one-tenth of the proposed in [6] amount of TEA to the NPG-
sample stock solution. The second type of the layer was the TEA-sample containing the
half of the amount of TEA proposed in [6]. So, the content of TEA in this TEA-sample
was 23 wt %. After the recording, all samples were exposed to UV-light for 30 min and
placed into the humidity chamber at RH = 90 % for 60 min. Normalised diffraction
efficiency calculated as in section 4.3.2 versus content of TEA is shown in Figure 4.7.
As seen from Figure 4.7, the normalised diffraction efficiency of NPG-sample
containing 9 wt % of TEA 1is significantly less than the normalised diffraction efficiency
of the pure NPG-sample. The increase in normalised diffraction efficiency caused by
humidity exposure is only few percent, while in the pure NPG-sample the increase is
above 40 %. The normalised diffraction efficiency of TEA-samples with 23 wt % and

38wt % of TEA is very similar. These results reveal that changes in diffraction
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efficiency caused by exposure to high humidity depend on the content of TEA in
photopolymer layers. The higher the content of TEA, the lower the normalised
diffraction efficiency and the higher the humidity sensitivity of photopolymer layers.
Thereby, it is possible to alter the humidity sensitivity of the photopolymer varying the

content of TEA.
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Figure 4.7. Normalised diffraction efficiency versus content of TEA
in the dry layers: (¢) — NPG-samples and (o0) — TEA-samples.

4.4. Conclusions

The investigation of the humidity sensitivity of the acrylamide-based photopolymer
containing NPG as a photoinitiator has been carried out in a wide range of relative
humidity RH = 20 — 90 %. In the relative humidity range RH = 20 — 70 % NPG-sample
is not sensitive to humidity change and the normalised diffraction efficiency of NPG-
samples is found to be constant. In the range RH = 80 — 90 % the normalised diffraction

efficiency of NPG-sample decreases. It has been found that the normalised diffraction
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efficiency of NPG-samples is recovered after exposure to 90 % RH for 30 min. Thus,
the decrease of normalised diffraction efficiency observed at RH = 80 — 90 % is fully
reversible. The low humidity sensitivity of the acrylamide-based photopolymer
containing NPG is encouraging for applications where non-sensitive to humidity
material is needed. The main disadvantage of the acrylamide-based photopolymer
containing NPG is its lower exposure sensitivity as the material has lower permeability
and slower diffusion rate of monomers in comparison to the acrylamide-based
photopolymer containing TEA.

Based on the influence of UV-postexposure and exposure to 90 % RH on
diffraction efficiency of gratings recorded in TEA-samples and NPG-samples the
following model for the refractive index modulation can be proposed. The TEA-sample
records the pattern in a regime of fast monomer diffusion, the main contributor to the
refractive index modulation is the density change, and the refractive index modulation
has its maxima in the bright fringe regions. The NPG-sample records in a regime of
slow monomer diffusion, the main contributor to the refractive index modulation is the
change in molar refraction, and the refractive index modulation has its maxima in the
dark regions. Also, it has been shown that it is possible to alter the humidity sensitivity
of the photopolymer by variation of the content of TEA. The obtained results are

summarised in Table 4.2
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Table 4.2. Characteristics of NPG-sample and TEA-sample.

Characteristics of the material NPG-sample TEA-sample
Exposure sensitivity, cm’/mJ 0.0047 0.012
Holographic Diffusion regime Slow monomer Fast monomer
performance diffusion diffusion
Main contributor to th? refractive index Molar refraction Density change
modulation
Sensitivity to Relative humidity range RH >70 % RH=20-90 %
humidity Reversibility after exposure to 90 % RH yes no
Effect of UV- Diffraction efficiency under UV-curing decreases increases
postexposure Diffraction efficiency after exposure to increases decreases

90 % RH
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5. HUMIDITY AND TEMPERATURE INDUCED CHANGES IN PROPERTIES

OF SLANTED PHOTOPOLYMER-BASED HOLOGRAPHIC GRATINGS

5.1. Introduction
The intrinsic properties of some photopolymers, such as their hygroscopic nature and
thermal expansion, are beneficial for the development of humidity and temperature
photopolymer-based holographic sensors. As discussed in Chapter 3, the hygroscopic
nature of the acrylamide-based photopolymer can be used for the development of
irreversible humidity sensors based on unslanted transmission gratings. Humidity-
induced changes in the properties of unslanted transmission gratings are found to be
dependent on the environmental temperature. In Chapter 4 it has been shown that
humidity sensitivity of unslanted transmission gratings holographically recorded in
acrylamide-based photopolymers can be adjusted by changing the photoinitiating

system in the photopolymer composition.

In this chapter slanted gratings recorded in photopolymer materials are the focus
of the research. In slanted gratings any dimensional changes of the material in direction
perpendicular to the grating surface, such as shrinkage or swelling, lead to the Bragg
angle shift due to changes in the tilt angle of the grating fringes (Figure 5.1). Figure 5.1
shows the schematic diagram of diffraction in a grating with slanted fringes. Before
exposure to an analyte, the grating has a thickness d; and the grating planes are tilted
with the angle ;. The maximum diffraction efficiency is observed at angle 6,". If the
interaction with the analyte causes shrinkage of the holographic recording material, both
the thickness decrease (d») and the increase of the tilt angle (y7) are induced.

Dimensional changes of the grating cause alteration of the Bragg angle. The maximum
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diffraction efficiency is now observed at angle 6,". Such behaviour of the slanted grating

will be discussed in more details in section 5.4.4.

Probing beam

6, Diffracted beam

Figure 5.1. Schematic diagram showing the change in diffraction in a grating with slanted
fringes as the layer shrinks.

Figure 5.2 shows the example of Bragg selectivity curves measured before and
after exposure to an analyte. A sensor based on a slanted grating can operate in the
following ways. Firstly, the diffraction efficiency can be monitored at Bragg incidence.
This can be done by adjusting the angle of probing beam before and after exposure until
the diffraction efficiency is maximised. The response of the sensor can be evaluated as
the diffraction efficiency change (A7,). Secondly, the diffraction efficiency can be
measured at a constant angle of the probing beam. This method provides higher
sensitivity of the sensor as the shift in Bragg selectivity curve causes a bigger change in
the measured diffraction efficiency (An;) at that specific angle (Figure 5.2). The third

way is to monitor the actual angular shift in the Bragg angle by Bragg selectivity curve
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measurements. Thus in the case of a holographic sensor based on a transmission grating
with slanted fringes, both the diffraction efficiency change and the shift in the Bragg

angle can be used as a signal.

Diffraction efficiency, %

6 6

Angle, degree

Figure 5.2. Changes in Bragg selectivity curve of the slanted grating due to shrinkage caused by
exposure to an analyte.

In the present chapter the humidity and temperature response of volume phase
slanted gratings recorded in photopolymers with varied chemical composition is
investigated. A series of experiments has been carried out in order to characterise the
humidity and temperature response of photopolymer-based gratings. The first set of
experiments tests the humidity induced changes in photopolymer-based gratings at
different levels of relative humidity and constant temperature. The capability to tune the
response of a holographic grating to relative humidity by compositional changes in the
photopolymer layer has been further explored. Previously (Chapter 4), the effect of
alternate electron donors in reducing the humidity sensitivity was explored. Here, the
capability to increase the response of a holographic grating to relative humidity by using
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alternate monomer/polymer systems in the photopolymer layer has been investigated.
The approach is based on replacing acrylamide (AA) with diacetone acrylamide (DA).
The two monomers were chosen because it was previously observed that gratings
recorded in photopolymer layers containing AA and DA have very different
holographic and mechanical properties [1] which can influence on humidity and
temperature sensitivity of the material. DA-based photopolymer composition used in the
present research is a new non-toxic and environmentally-compatible photopolymer
material developed at the Centre for Industrial and Engineering Optics, Dublin Institute
of Technology [2-4]. In this photopolymer formulation low-toxic diacetone acrylamide
is used as the main monomer. This composition is capable of holographic recording at a
spatial frequency ranging from 100 to 5600 lines/mm and achieves diffraction
efficiency and refractive index modulation comparable to AA-based photopolymer
composition [1]. This composition is a good alternative to AA-based photopolymers for
many holographic applications including holographic sensors. Holographic pressure
sensor based on a reflection grating recorded in the DA-based photopolymer has been
recently demonstrated [5]. Reversible changes in the spatial period under applied
pressure are explained by means of high elasticity of the DA-based photopolymer layer.

The aim of the first set of experiments is to study the humidity sensitivity of
volume phase slanted gratings recorded in a photopolymer containing DA as the main
monomer and TEA as a photoinitiator. Comparative analysis of the humidity response
of DA-based gratings and AA-based gratings has been carried out. Application of the
DA-based photopolymer as a humidity-responsive material for the development of
holographic humidity sensors is also discussed.

The second set of experiments examines the response of photopolymer-based

grating to temperature variations at constant relative humidity. Photopolymers used as
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holographic recording materials in general have a low glass transition temperature
(Tg<80°C) and a relatively large coefficient of thermal expansion
(~100 ppm/°C) [6—8]. Temperature variation induces grating detuning effects via
changes in refractive index and the physical dimensions of the photopolymer layers
[7, 8]. Photopolymers that exhibit this mechanical response to temperature change are
required for holographic temperature sensor development. Volume changes with
temperature may be implemented as a sensing mechanism in holographic temperature
sensors. However, previous explorations of the temperature response of AA-based
photopolymers are limited. The investigation of the reflection grating response to
temperature in the range of 15 - 60 °C revealed that although there is a temperature
response it depends highly on the relative humidity level [9].

The temperature response of volume phase slanted gratings recorded in
photopolymers containing two types of monomers (AA and DA) and two types of
initiators (TEA and NPGQG) is explored here. The two monomers were chosen for the
reasons discussed above. The two initiators were chosen because as shown in Chapter 4,
section 4.3.1 photopolymer layers containing TEA and photopolymer layers containing
NPG have different density which can have an effect on the thermal expansion of the
material. As a result the gratings recorded in photopolymers with various compositions
can have different response to temperature variation.

The aim of the second set of experiments is to investigate the temperature
sensitivity of volume phase slanted gratings recorded in a photopolymer containing
either AA or DA as monomer and either TEA or NPG as an initiator. The potential
application of photopolymers as a thermo-responsive material for the development of

holographic temperature sensors is discussed.
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5.2. Theoretical background for slanted gratings
Slanted gratings can be recorded in transmission mode when the angles of two incident
beams are not symmetric with respect to the normal to the surface of the recording

material: 6," # 6" (Figure 5.3).

Recording beams

Figure 5.3. Schematic presentation of the slanted grating recorded in transmission mode. 6, ,

and 6, are the angles of recording beams inside and outside the recording medium,

respectively; @is the slant angle; A is the spatial period; K is the grating vector, d is the grating
thickness.
In a slanted transmission grating the plane of fringes makes an angle with the normal to

the surface of the recording material. The slant angle (¢) is defined as the angle between

the grating wave vector K and the normal to the layer’s surface (Figure 5.3). The
magnitude of the grating wave vector is determined as 27/A. The slant angle can be
calculated as follows:

7—(6 +86
p=Z=(040)

) 5.1
) 3.1
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where @; and 6 are the angles of recording beams inside the holographic recording
material. The incident angles of the two beams inside the medium (&; and 6,) are related
to the external incident angles (&;,"and 6,") by Snell’s law (Equation 3.2).

The fringe spacing (A) of the slanted grating is determined as:

A= A (5.2)

2n sin(Hj
2

where A is the wavelength of recording light, n is the average refractive index of the

material.
In accordance with the coupled wave theory [10], the diffraction efficiency (7)

of a volume phase transmission grating with slanted fringes is determined:

sinzw/‘.fz +v?)
n= . . (5.3)
1+%

The parameter v defines the maximum diffraction efficiency at Bragg incidence,

whereas the parameter § describes deviation from the Bragg condition due to the angular
and wavelength deviations. At Bragg incidence § = 0 and the maximum diffraction

efficiency is determined:

n=sin"v. (5.4)
The parameter v can be written as:
V= ard (5.5)
0 A\ :
/?’(CRCS )/2

where n’ is the refractive index modulation, A is the wavelength of the reconstructing

beam. Parameters cg and cg are defined as follows:
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cp =cos@, (5.6)

cg =cosf —icos o, 5.7
nA

where € is the Bragg angle inside the medium. Taking into account Equations (5.5)-
(5.7), the diffraction efficiency of slanted grating at Bragg incidence can be defined as

follows:

m'd

p |
/l{cos Q(COS 6— A cos (pﬂ

n

7 =sin’ (5.8)

In the present research slanted gratings with the slant angle of 77 + 1° and the
spatial frequency of 960 + 50 lines/mm are under study. Our estimations show that in
this case the second term in the round brackets in Equation (5.8) is 10 times smaller
than the first term. Thus, the second term can be neglected and Equation (5.8) takes the
form of Equation (2.4). The diffraction efficiency changes (47) caused by the effect of
different parameters can be determined by Equation (2.5).

Equation (5.4) indicates that the diffraction efficiency at Bragg incidence can
have magnitude from O to 1 depending on the value of parameter v. Figure 5.4 shows
modelling of the diffraction efficiency as a function of deviation from the Bragg angle
for different values of parameter v. As can be seen from Figure 5.4, the diffraction
efficiency at Bragg angle (&= 0) increases from 0 to 1 when parameter v varies from 0
to /72 and from 7 to 3772. The decrease of the diffraction efficiency from 1 to O can be
observed when parameter v varies from /72 to x and from 372 to 2z According to
Equation (5.5), during holographic recording of a grating with defined thickness and

spatial period parameter v is determined by the refractive index modulation achieved.
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Figure 5.4. Diffraction efficiency of transmission grating versus parameter & for different

values of parameter V.
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At a certain point obtained refractive index modulation gives v = 772 and the diffraction
efficiency at Bragg incidence reaches its maximum value of 1 (Figure 5.4). Further
increase of the refractive index modulation leads to the increase of parameter v and the
decrease of the diffraction efficiency. The behaviour of the diffraction efficiency when
v> 2 is determined as an overmodulation regime. The diffraction efficiency at Bragg
incidence versus parameter Vv is presented in Figure 5.5. The inserts show the Bragg

selectivity curves at particular value of parameter V.
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Figure 5.5. Diffraction efficiency at Bragg incidence versus parameter V.

During our experiments a significant increase of the diffraction efficiency
followed by its decrease was observed in DA-based gratings under exposure to
humidity. The behaviour of the diffraction efficiency was attributed to the transition to

overmodulation regime. Further details are presented in section 5.4.1.
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5.3. Experimental
5.3.1. Layer preparation

Three types of photopolymer layers containing different main monomers and
photoinitiating systems have been used as a holographic recording material (Table 5.1).
The first type (photopolymer A) is an AA-based photopolymer containing TEA as a

photoinitiator. Optimised composition for the recording in transmission mode [11] is

presented in Table 5.1.

Table 5.1. Photopolymer compositions

Chemical reagent | Photopolymer A Photopolymer B Photopolymer C
Polyvinyl alcohol 7.45 % wiv 8.89 % wlv 7.4 % wiv
Acrylamide 0.36 M 0.37M -

Diacetone --- --- 0.22M
acrylamide

N,N’-methylene 0.055M 0.034 M 0.048 M
bisacrylamide

Erythrosin B 2.13x10*M 1.39x 10*M 1.85%x 10" M
Triethanolamine 0.64 M - 0.56 M
N-phenylglycine - 9.81 x 10° M -

Glycerol - - 0.51 M

The second type (photopolymer B) is a version of the AA-based photopolymer
that uses NPG as a photoinitiator [12]. As shown in Chapter 4, section 4.3.1 - 4.3.2,
replacing TEA with NPG enables the development of robust photopolymer layers with
higher density.

The third type (photopolymer C) is a DA-based photopolymer containing TEA
as a photoinitiator, and has previously been optimised for transmission mode of
recording [2, 3]. In addition to the components used in photopolymer A and
photopolymer B, photopolymer C contains glycerol as a plasticiser. The addition of

glycerol promotes diffusion of the relatively large DA monomer molecules during
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holographic recording, resulting in higher diffraction efficiency than when glycerol is
excluded. The addition of glycerol also improves the stability of the solid photopolymer
layer [3].

Photopolymer layers with the thickness of 60 + 5 pum were prepared by
deposition of photosensitive solutions on the levelled glass slides (26 x 76 mm?) and
dried for 24 hours in a dark room at 7= 21 + 2 °C and RH = 30 = 5 %. The amount of
solution deposited on the glass slide was 0.7 ml, 2 ml and 0.6 ml for photopolymer A, B
and C, respectively. The thickness of the dry layers was measured with a white light

interferometric surface profiler MicroXAM S/N 8038.

5.3.2. Holographic recording set-up
Volume phase slanted gratings were recorded using a Nd:YVOy laser (532 nm). The
holographic optical set-up used for recording in transmission mode is presented in

Figure 5.6.

VA

Photopolymer
layer

Nd:YVOau Laser,
(532nm)

PBS
HWP Hwp SF C VA

Figure 5.6. Experimental set-up for the recording of a slanted grating in transmission mode: S -
electronic shutter; HWP — half-wave plate; PBS — polarising beam splitter; SF — spatial filter;
C — collimator; VA-variable aperture; M — mirror.
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A two-beam set-up with the incident angles of the recording beams of 4 + 0.5° and
36 + 0.5° (outside the layer), respectively to the normal to the layer surface, was utilised
to record slanted gratings with a slant angle of 77.1 + 0.2° and a spatial frequency of
998 + 60 lines/mm. The total recording intensity was 5.5 mW/cm? and the recording
time was 8 sec for photopolymers A and C and 22 sec for photopolymer B. These
conditions were chosen in order to achieve similar starting diffraction efficiency in all
three types of layers. The initial diffraction efficiency of the gratings was 37 £ 3 %. For
testing the humidity response of the DA-based photopolymer the gratings with
lower/higher diffraction efficiency were also recorded. Details are provided in
section 5.4.1.

In order to measure the diffraction efficiency of gratings, the diffracted beam
intensity was monitored at the Bragg angle using a 633 nm He-Ne laser. The diffraction
efficiency of gratings was calculated as the ratio of the intensity of the diffracted beam
and the intensity of the incident beam. After the recording, the gratings were exposed to
UV-light with the intensity 2.5 mW/cm?” for 18 min in order to polymerise all residual

monomers using a UV Exposure unit (Mega Electronics, model 5503-11).

5.3.3. Humidity response testing
The humidity response of slanted gratings was investigated by measuring the diffraction
efficiency of gratings at different levels of relative humidity and at temperature of

21 £ 1 °C. The set-up for humidity response testing is presented in Figure 3.3.
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5.3.4. Temperature response testing
The temperature response of slanted gratings was investigated by recording Bragg
selectivity curves at different temperatures by a computer controlled system presented

in Figure 5.7. The relative humidity during the experiment was 45 £ 5 %.

1
MC ="
in
ot
- AS—) PC g
He-Ne laser lin f- => %
(633 nm) N ‘ £
— g
Diffraction grating I a
PD D angte, degres

Figure 5.7. Set-up for the Bragg selectivity curve recording: RS - rotation stage;
TC — temperature controller; MC — motion controller; PC — computer; PD — photodetector.

Different temperatures were maintained by a temperature controlled plate
(model MS100 with a 6 mm aperture, Linkam Instruments). The temperature controlled
plate was able to hold a specified temperature to + 0.1 °C from room temperature to
60 °C. A 633 nm beam from a He-Ne laser was employed as a probe beam during the
Bragg curve measurements. In order to record the Bragg curve, the grating was fixed on
the temperature controlled plate and was placed on a rotation stage which was computer
controlled via a motion controller (model Newport ESP300 with angular resolution of
0.001°). The intensity of the first-order diffracted beam was monitored by an optical
power meter (Newport Model 840). LabVIEW software was used to plot the data of the
diffraction efficiency in real time as the incident angle of the probe beam was varied

+3° from the Bragg angle. The diffraction efficiency was defined as the ratio of the
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diffracted beam intensity (I;) and the incident beam intensity (/;,). The diffraction
efficiency of the grating was estimated from the maximum of the Bragg selectivity
curve. The Bragg curve recordings were done 5 min after the certain temperature was
reached. This period of time was based on the time required to obtain equilibrium of the
sample temperature with the hot plate temperature. It was observed that after this period

of time saturation of the change in the measured response was achieved.

5.3.5. Differential scanning calorimetry
In order to analyse the amount of moisture desorbed from the photopolymer layers
under heating, differential scanning calorimetry (DSC) was utilised. DSC measurements
were performed using DSC-60 (Shimadzu). The measurements were conducted in
aluminium pans by heating the samples at a rate of 2 °C/min from 17 to 100 °C. Prior to
the DSC measurements, the samples were exposed to RH =70 % at T=21 + 1 °C for an
hour in the controlled environment chamber in order to saturate the photopolymer layers

with the moisture.

5.4. Results and Discussion

5.4.1. Humidity response of slanted transmission gratings recorded in

photopolymer C
The humidity response of slanted transmission gratings recorded in photopolymer C
was investigated by measuring the diffraction efficiency of the gratings at Bragg
incidence in the relative humidity range of 20 — 90 %. During the experiment the
temperature was kept at 21 + 1 °C. For this particular experiment the gratings with the

diffraction efficiency of 26 %, 57 % and 75 % measured at 20 % RH were recorded.
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Figure 5.8 shows normalised diffraction efficiency of gratings with different initial

diffraction efficiency versus relative humidity.
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Figure 5.8. Normalised diffraction efficiency of slanted transmission gratings recorded in
photopolymer C versus relative humidity. The initial diffraction efficiency of gratings was
26 % (m), 57 % (A)and 75 % ().
The initial diffraction efficiency is defined as diffraction efficiency measured at the start
of the experiment at RH = 20 %. Normalised diffraction efficiency was calculated as the
ratio of the diffraction efficiency measured at certain relative humidity and the
diffraction efficiency measured at RH = 20 %.

As seen from Figure 5.8, the behaviour of the diffraction efficiency under
humidity exposure depends on the initial diffraction efficiency of the grating. One
possible explanation is as follows. Under exposure to humidity the thickness of the
grating and refractive index modulation increase due to water absorption. According to

Equation (5.5), this leads to the increase of parameter v which can cause either increase
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or decrease of the diffraction efficiency depending on its value (Figure 5.4). In the case
of the grating with the high diffraction efficiency, a further increase of parameter v will
lead to overmodulation and, hence, although the refractive index modulation or the
thickness of the layer increases, a decrease of the diffraction efficiency at Bragg
incidence is observed. This is supported by the Bragg selectivity curve of the sample
with the initial diffraction efficiency of 75 % measured before exposure to humidity (the
relative humidity during the measurement was 43 %) and immediately after exposure to
60 % RH for 30 min (Figure 5.9). As seen from Figure 5.9, the increase of the side lobes

and the decrease of the main lobe are observed indicating the overmodulation regime.
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Figure 5.9. Bragg selectivity curve of the slanted transmission grating before exposure to
humidity (-#-) and immediately after exposure to 60 % RH for 30 min (-m-).

The decrease of the diffraction efficiency of the grating with the initial
diffraction efficiency of 75 % happens at lower level of the relative humidity than in
gratings with the initial diffraction efficiency of 26 % and 57 % due to the fact that to

reach the overmodulation regime, a smaller change in the parameter v is required. In the
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case of the grating with low initial diffraction efficiency (low value of parameter v),
significant increase of the thickness and refractive index modulation should be reached
in order to get the overmodulation regime. As can be seen from Figure 5.8, for gratings
with the initial diffraction efficiency of 26 % and 57 % the diffraction efficiency reaches
its maximum values of 91 % and 86 %, respectively, at 70 % RH and 60 % RH,
correspondingly. After reaching the maximum value the diffraction efficiency starts to
decrease due to reaching the overmodulation regime.

These results demonstrate that the initial diffraction efficiency of the grating
recorded in photopolymer C should be taken into account during the development of
holographic humidity sensors. Estimation of the effect of the thickness change and
refractive index modulation alteration on the diffraction efficiency variation under

exposure to humidity is presented in section 5.4.2.

5.4.2. Diffraction efficiency of slanted gratings recorded in photopolymer C

versus relative humidity
The diffraction efficiency of slanted gratings recorded in photopolymer C was
investigated in the relative humidity range of 20 — 90 %. During the experiment the
temperature was kept constant at 21 + 1 °C. For this particular experiment a slanted
grating with the initial diffraction efficiency of 6 % was recorded in photopolymer C.
This starting diffraction efficiency was selected in order to avoid the transfer to the
overmodulation regime caused by exposure to humidity as discussed in section 5.4.1.
Figure 5.10 shows the relative change in the diffraction efficiency of gratings versus
relative humidity. The experimental data for photopolymer C is compared with the
experimental data for the AA-based photopolymers (photopolymer A and photopolymer

B). The relative change in the diffraction efficiency was calculated as follows. The
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difference of the diffraction efficiency measured at certain relative humidity and the

diffraction efficiency measured at RH = 20 % (A4n) was normalised to the diffraction

efficiency measured at RH = 20 % (7720). As can be seen from Figure 5.10, changes in
diffraction efficiency of photopolymer C caused by exposure to humidity were very
significant (up to 14 times), i.e. increase of the diffraction efficiency from 6 to 84 %
was observed when the relative humidity changes from 20 to 90 %. The diffraction
efficiency of slanted transmission gratings recorded in photopolymer A and B was

relatively unchanged up to 70 % RH and it decreased for few percent above 70 % RH.
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Figure 5.10. Relative changes in the on-Bragg diffraction efficiency of slanted transmission
gratings recorded in photopolymer A (), photopolymer B (o0) and photopolymer C (A) versus
relative humidity.

According to Equation (2.5), the significant increase of the diffraction efficiency

of the transmission grating recorded in photopolymer C under humidity exposure can be
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caused by changes in several parameters. In order to fully understand the mechanism
behind the observed change in diffraction efficiency, the effect of variation of each
parameter must be considered. To estimate the effect of different parameters, the
following experiment was carried out. Transmission gratings were exposed to relative
humidity of 30 % and 60 %. The diffraction efficiency at Bragg incidence, the Bragg
angle and the thickness of the grating were monitored at 30 % and 60 % RH. The

estimated contribution of different parameters is presented in Table 5.2.

Table 5.2. Effect of different parameters on the diffraction efficiency change.

Factor Formula Estimated Physical process Significance in
contribution | responsible to the current
this change experimental
conditions
Probe beam tan646 0.006 Spatial period Minor
incident angle increase due to
variation swelling
Variation of probe | A /7/ 0 Probe beam NA
wavelength A wavelength was kept
constant in this study
Thickness A cy 0.1 Swelling of the layer High
variation d
Change in the A,V 0.1 Decrease of density High
refractive index n' in dark regions

modulation

The first parameter is the Bragg angle shift. Our experimental results show that
change in relative humidity from 30 to 60 % causes Bragg angle shift of 2°. The term
describing the contribution of the Bragg angle shift is of order 0.006. The second
parameter is the variation of probe wavelength. Since the probe wavelength used in this
experiment was not varied the contribution of this term is zero. The third parameter is
the thickness variation caused by humidity exposure. A thickness variation of 10 to

15 % was found and this resulted in a thickness change term of order 0.1. The fourth
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parameter is the change in the refractive index modulation. The refractive index
modulation was calculated at 30 % and 60 % RH using Equation (5.8). The refractive
index modulation change was found to be approximately 2 X 10* and the term
describing the contribution of the refractive index modulation alteration was of order
0.1. Thus, it can be deduced that the main contributors to the diffraction efficiency
alteration of transmission gratings recorded in photopolymer C are thickness and
refractive index modulation changes. This means that the diffraction efficiency increase
observed in gratings recorded in photopolymer C due to humidity exposure is caused by
increases in both the grating thickness and the refractive index modulation. An increase
of the grating thickness under humidity exposure can be explained by the photopolymer
layer swelling due to water absorption. The refractive index modulation increase under
humidity exposure may be due to the different ability of dark (i.e. unpolymerised) and
bright (polymerised) regions to absorb water molecules due to its different porosity.
One possible explanation is that the dark regions have higher porosity and lower density
and as a result water molecules are mainly absorbed in these regions. Since the average
refractive index of the photopolymer is 1.5 and the refractive index of water is 1.33,
absorption leads to a decrease of the average refractive index in dark regions resulting in
an overall increase of the refractive index modulation and, hence, the diffraction
efficiency increases.

The experimental results reveal that photopolymer C has high sensitivity to
humidity even at low relative humidity of 20-40 % (Figure 5.10). As seen from
Figure 5.10, a 54 % increase of the diffraction efficiency of photopolymer C was
observed in this range, whereas the diffraction efficiency of photopolymer A and B was
increased by few percent only. As discussed in section 5.3.1, photopolymer C contains

diacetone acrylamide as well as small amounts of glycerol, both of which are known
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hygroscopic chemicals which readily absorb water [13, 14]. Increased water absorption
would account for the observed large increase in grating diffraction efficiency due to
greater changes in grating thickness and refractive index modulation.

Thus, due to its high sensitivity to humidity, the DA-based photopolymer can be
utilised for the development of sensors for humidity monitoring in the relative humidity
range from 20 to 90 % and at constant temperature. It should be noted that during
humidity monitoring it is necessary to keep the temperature unchanged as
photopolymer C is also sensitive to temperature variation (section 5.4.4). The
reversibility of the observed changes in photopolymer C was confirmed at RH < 60 %

and is further discussed in section 5.4.3.

5.4.3. Reversibility of the humidity induced changes in properties of gratings
recorded in photopolymer C
The reversibility of the effect of elevated humidity on gratings recorded in
photopolymer C has been characterised. Investigation of the reversibility of humidity
induced changes in photopolymer A and photopolymer B was carried out in Chapter 3,
section 3.4.2 - 3.4.4 and Chapter 4, section 4.3.2, respectively. The reversibility for
photopolymer A and photopolymer B was confirmed after exposure to RH < 70 % and
RH<90 %, accordingly, for 60 min at 7=21+1°C. Exposure to high humidity
(RH =80 - 90 %) of photopolymer A for 60 min at 7 = 21 £+ 1 °C caused irreversible
decrease of the diffraction efficiency and dimensional changes in the layer.
In order to investigate the reversibility of the observed changes in the diffraction
efficiency of photopolymer C during exposure to humidity (Figure 5.8 and 5.10),
transmission gratings were exposed to 60 %, 70 %, 80 % and 90 % RH at T=21+1°C

for 30 min and left to recover at T =21 + 1 °C and RH = 40 — 45 % for 24 hours. Each
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grating was characterised by measuring its diffraction efficiency before exposure and
after exposure to humidity followed by drying. The relative humidity during these
measurements was in the range of 40 — 45 %. Bragg selectivity curves of the grating

before, during and 24 hours after exposure to RH = 60 % are presented on Figure 5.11.
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Figure 5.11. Bragg selectivity curve before (solid line), during (A) and 24 hours after (0)
exposure to RH =60 % at T=21 + 1 °C for 30 min.

As seen from Figure 5.11, the diffraction efficiency of gratings under exposure
to 60 % RH increases from 33 to 56 % and the observed increase is in good agreement
with the experimental data presented in Figure 5.10. After relaxation at 40 % RH the
diffraction efficiency was found to be reversible within 1.5 %. Peak of the diffraction
efficiency was reversible within 0.1° with respect to its original position. The thickness
of the photopolymer layer before and 24 hours after exposure to RH = 60 % was
unchanged. Thus, the increase of the diffraction efficiency observed during the exposure

to humidity of 60 % RH is reversible.
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Experimental data for the gratings exposed to 70 %, 80 % and 90 % RH for
different amount of time are presented in Figure 5.12. To describe humidity induced
changes, normalised diffraction efficiency was calculated as the ratio of the diffraction
efficiency measured after exposure to humidity followed by drying and the diffraction

efficiency measured before exposure to humidity.

.

o
=]
T

Normalised diffraction
efficiency, a.u.
o
()]
—o—
-

o
=Y

T
o

0-2 1 1 1
0 10 20 30 40 50 60

Humidity exposure time, min

Figure 5.12. Normalised diffraction efficiency of gratings recorded in photopolymer C
after exposure to the relative humidity of 70 % (¢ ), 80 % (m) and 90 % (®) versus humidity
exposure time.

As can be seen from Figure 5.12, exposure to humidity of 70 %, 80 %, 90 % RH
for 20 min causes irreversible decrease of the diffraction efficiency. No dependence of
the normalised diffraction efficiency on the time of exposure to 70 % and 80 % RH was
observed above 30 min. Maximum decrease of the diffraction efficiency and its
strongest dependence on time of exposure to high humidity was detected for 90 % RH.

One possible explanation for the observed irreversible decrease of the diffraction

efficiency can be an irreversible decrease of the thickness of the grating. During
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humidity exposure, expansion of the photopolymer layer in the direction parallel to the
grating vector was noticed. In order to evaluate the thickness change caused by
humidity exposure, normalised thickness was calculated as the ratio of the thickness
measured after and before humidity exposure. The relative humidity during thickness
measurements was in the range of 40 — 45 %. Figure 5.13 shows that exposure to

humidity of 70, 80 and 90 % RH leads to irreversible decrease of grating thickness.
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Figure 5.13. Normalised thickness after exposure to the relative humidity of 70 % (),
80 % (m) and 90 % (@) versus humidity exposure time.

Our estimations utilising Equation (5.8) reveal that the observed irreversible
decrease of the diffraction efficiency (Figure 5.12) can’t be explained by irreversible
decrease of the thickness only. This implies that at high humidity, irreversible decrease
of the refractive index modulation can also occur. To prove this assumption, the
refractive index modulation before and after exposure to relative humidity of 70, 80 and
90 % for 20 min and 60 min was calculated using Equation (5.8). The calculation was

based on the experimental data of the diffraction efficiency and the thickness measured
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before exposure and after exposure to humidity when the samples had been dried for
24 hours. Calculated data are presented in Table 5.3 in the form of normalised refractive
index modulation defined as the ratio of the refractive index modulation after the

exposure followed by drying and the refractive index modulation before the exposure.

Table 5.3. Normalised refractive index modulation after exposure to humidity and drying.

Relative Humidity exposure Normalised refractive
humidity, % | time, min index modulation
70 20 0.92
60 0.70
80 20 0.81
60 0.70
90 20 0.80
60 0.60

As seen from Table 5.3, the refractive index modulation after exposure to humidity
decreases. One possible explanation is as follows. When the humidity is very high, the
layers become close to a liquid state. The absorption of water allows for reduction in the
density of the photopolymer layer and the polymer chains become less rigidly fixed and
can move around, which would reduce the refractive index modulation.

Thus, photopolymer C can be utilised for the development of reversible sensors
for continuous humidity monitoring in the range from 20 to 60 % RH and at constant
temperature. The photonic structure within photopolymer C changes its optical
properties irreversibly in response to changes in the level of relative humidity above
60 % RH, allowing for the creation of irreversible humidity holographic sensors with an

operation range of RH > 60 % at constant temperature.
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5.4.4. Temperature response of slanted transmission gratings
The temperature response of slanted transmission gratings recorded in the different
photopolymers was investigated by recording Bragg selectivity curves and monitoring
the position of the Bragg angle in the temperature range of 20 - 60 °C. Figure 5.14

presents the experimental data of the Bragg angle shift for photopolymer A, B and C.
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Figure 5.14. Temperature dependence of the Bragg angle shift of slanted transmission gratings
recorded in photopolymer A (¢ ), photopolymer B (0) and photopolymer C (A).
Relative humidity was 30 £5 %.

It should be noted that according to the recording geometry, the Bragg angle shift to a
bigger value corresponds to the shrinkage of the layer in the direction perpendicular to
the grating vector.

As shown in Figure 5.14, in the case of photopolymer layers containing TEA
(photopolymer A and photopolymer C) exposure to temperature causes shrinkage of the
layers leading to the Bragg angle shift up to 2°, whereas photopolymer B containing

NPG exhibits the lower response to temperature changes and the Bragg angle shift up to
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0.3° is observed. Analysis of the three types of layers carried out by DSC showed that
the different behaviour of the Bragg angle shift for the different photopolymer layers
can be explained by different ability of the three photopolymers to release water due to
increase in temperature. DSC thermograms of photopolymers presented in Figure 5.15
reveal that photopolymer A and photopolymer C have transitions with a distinct loss of
weight due to drying in the temperature range of 20 - 55 °C. Thus, drying of the layer
causes its shrinkage, and, hence, the Bragg angle shift is observed (Figure 5.14). In
photopolymer B, the evaporation process is not so intensive leading to a smaller Bragg

angle shift in this temperature range.
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Figure 5.15. DSC thermograms of photopolymers.

As outlined in section 5.4.2, photopolymer C is a highly humidity-sensitive
material suitable for humidity sensor development. In order to eliminate effects due to
humidity and to analyse only the thermal effect on the properties of the holographic

gratings recorded in this photopolymer, the temperature response of sealed layers was
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investigated. Sealed samples were prepared by sealing the photopolymer layer on the
glass substrate between two polyester films with a thickness of 50 um. Figure 5.16
shows that the behaviour of the Bragg angle shift of sealed and unsealed samples is
fully opposite, i.e. exposure to temperature causes swelling of sealed layer and
shrinkage of unsealed layer. Swelling of the sealed layer can be explained by relatively
large thermal expansion of photopolymer C, a property which is inherent to polymer

materials with a low glass transition temperature.
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Figure 5.16. Temperature dependence of the Bragg angle shift in photopolymer C: unsealed
sample (¢) and sealed sample (¢ ). Relative humidity during the experiment was 30 £ 5 %.

The temperature dependence of normalised diffraction efficiency of slanted
transmission gratings recorded in unsealed and sealed layers for all three photopolymers
is presented in Figure 5.17a and 5.17b, respectively. Normalised diffraction efficiency
was calculated as the ratio of the diffraction efficiency measured at certain temperature

and the diffraction efficiency measured at the start of the experiment at 7' = 20 °C.
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Figure 5.17. Temperature dependence of normalised diffraction efficiency of slanted
transmission gratings recorded in unsealed (a) and sealed (b) photopolymer layers:
(#) — photopolymer A, (o) — photopolymer B and (A ) — photopolymer C.
Relative humidity during the experiment was 30 £ 5 %.

As seen from Figure 5.17a, the diffraction efficiency of unsealed photopolymer A layers
is unchanged in the temperature range from 20 to 60 °C. Photopolymer B is
unresponsive to temperature change below 40 °C and shows 20 % increase in diffraction
efficiency above 40 °C. Significant decrease of the diffraction efficiency of

photopolymer C is observed in the range of 20 to 60 °C. Similarly to the humidity
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exposure tests, the observed temperature dependence of the normalised diffraction
efficiency depends greatly on changes in the grating refractive index modulation. It is
expected that there are two main processes which have an effect on the refractive index
modulation alterations. The first contributor is desorption of adsorbed moisture due to
elevated temperature. This predominantly takes place in the dark regions as these areas
are less dense and therefore absorb more water. Water desorption leads to increase of
the refractive index in the dark regions and, hence, decrease of the refractive index
modulation. The second contributor is thermal expansion which leads to a decrease of
the polymer density. Depending on which region (i.e. the dark or bright region) expands
to a greater extent, the diffraction efficiency is increased/decreased with respect to
temperature change. This theory matches with the results obtained in section 5.4.2,
which showed that composition C is significantly more prone to water absorption than
photopolymer A and B. Therefore, a greater response to elevated temperature is
expected for photopolymer C as it is more likely to experience stronger water
desorption effects than either photopolymer A or B.

The reversibility of the observed decrease of the diffraction efficiency in
photopolymer C (Figure 5.17a) was tested by recording the Bragg selectivity curve after
exposure to temperature when the sample was recovered for 24 hours at 7= 20 + 1 °C
and 27 % RH. Figure 5.18 shows the experimental data before exposure measured at
32 % RH and after exposure to temperature measured at 27 % RH. According to our
data (Figure 5.10), the diffraction efficiency is highly dependent on the relative
humidity level. Decrease of the diffraction efficiency for 5 % observed in Figure 5.18
can be attributed to the different relative humidity level during the measurements. Thus,
the decrease of the diffraction efficiency in photopolymer C observed during

temperature exposure (Figure 5.17a) is reversible.
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Figure 5.18. Diffraction efficiency of slanted transmission grating recorded in unsealed
photopolymer layer C before (solid line) and after exposure to temperature (m).

In the case of the grating recorded in photopolymer B, the diffraction efficiency
before exposure and after exposure to temperature was found to be 12.4 % and 11.9 %,
respectively. The observed discrepancy in the diffraction efficiency is within the
uncertainty of the measurement. Thus, the observed increase of the diffraction
efficiency in photopolymer B is reversible.

Application of the sealing technique allowed for observation of changes in the
diffraction efficiency caused by thermal expansion (Figure 5.17b). Photopolymer C
reveals temperature sensitivity above 30 °C demonstrating its potential suitability for the
development of holographic temperature sensors. Photopolymer A and photopolymer B
is relatively unresponsive to temperature changes in the range of 20 — 60 °C. A
photopolymer material which is stable over a large temperature range is highly desirable
for many holographic applications. Changes in diffraction efficiency were found to be

reversible within 0.5 % for the tree types of photopolymers.
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5.5. Conclusion
The humidity and temperature sensitivity of slanted holographic gratings recorded in
photopolymers containing AA and DA as monomers, and TEA and NPG as
photoinitiators was investigated. It has been demonstrated that the response of the
photopolymer-based holographic gratings to relative humidity and temperature can be
tuned by variation of the photopolymer composition.

Characterisation of the humidity response of photopolymer-based transmission
gratings was carried out in the range of 20 - 90 % RH. A strong humidity dependence of
the diffraction efficiency of DA photopolymer-based transmission gratings was
observed. Reversibility of humidity induced changes is confirmed at RH < 60 %. Thus,
the response to humidity of the DA photopolymer-based transmission gratings can be
utilised for the development of reversible sensors for continuous humidity monitoring in
the range of 20 — 60 % RH and at constant temperature. Also, irreversible decrease of
the diffraction efficiency caused by exposure to RH > 60 % is particularly useful for
fabrication of irreversible humidity indicators suitable for incorporation in packaging
for electronic goods, for example.

The temperature response of slanted transmission gratings recorded in
photopolymers was investigated in the temperature range of 20 - 60 °C. The unsealed
transmission gratings recorded in the AA-based photopolymer composition containing
NPG were unresponsive to temperature changes below 30 °C and showed sensitivity to
temperature above 30 °C. In the temperature range from 30 to 60 °C the diffraction
efficiency changed from 12 to 14 % and the Bragg angle shift of 0.3° was observed.
Exposure of the transmission gratings recorded in the DA-based photopolymer
composition containing TEA to elevated temperature leads to the significant decrease of

the diffraction efficiency up to 2 times and the Bragg angle shift up to 2° due to the
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shrinkage of the unsealed layer caused by water evaporation. Temperature-induced
changes are found to be reversible. Application of a sealing technique allowed for
observation of swelling of the DA-based photopolymer layer due to its thermal
expansion. The results demonstrate an effective approach to obtaining photopolymer-
based gratings with tuneable temperature sensitivity and possibility to exploit
photopolymers as a thermo-responsive material for the development of temperature

holographic sensors.
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6. DEVELOPMENT OF THE TEMPERATURE SENSITIVE PHOTOPOLYMER
FOR HOLOGRAPHIC RECORDING IN TRANSMISSION AND REFLECTION

MODES

6.1. Introduction
Novel functionalised photopolymer systems capable of holographic recording are of
particular interest due to their potential use in the development of holographic sensors.
Functionalised photopolymer systems must have both good holographic recording
characteristics and the response to a specific analyte.

This chapter describes the development of a novel temperature sensitive
photopolymer composition. The aim of the research was to develop a photopolymer
composition capable to both achieve high diffraction efficiency during holographic
recording in transmission and reflection modes and respond to temperature changes.
The approach used in the present research was based on functionalisation of the
photopolymer composition by incorporation of a component with sensitivity to
temperature. A photopolymer system generally consists of a main monomer and,
optionally, a cross-linking monomer, a photoinitiating system including a sensitising
dye and an electron donor, and a polymeric binder. During the development of a novel
temperature sensitive photopolymer composition the following innovations were
introduced.

Firstly, a thermosensitive monomer such as N-isopropylacrylamide (NIPA) was
used as the main monomer in order to create a temperature sensitivity of the material.
Secondly, NPG was included as a photoinitiator. As shown in Chapter 4,
section 4.3.1 —4.3.2, the utilisation of NPG instead of traditionally used TEA as a

photoinitiator decreased the permeability of the layer to water molecules and improved
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both the humidity resistance of the holographic grating and the scratch resistance of the
photopolymer layer. Thirdly, glycerol as a plasticiser was introduced into the
photopolymer composition in order to achieve a better mass transport during the
recording and a more stable diffraction efficiency of the grating. Fourthly, citric acid as
a chain transfer agent (CTA) was incorporated. CTA along with glycerol allowed
improving the spatial resolution of the material for recording in reflection mode. In
addition to new components, traditionally used cross-linker as
N,N’—methylenebisacrylamide, a binder such as polyvinyl alcohol and the light
absorbing component (Erythrosine B) were utilised. Polyvinyl alcohol with the level of
hydrolysis 80 % was used as it had been found to have low permeability which allowed
recording in reflection mode [1]. Chemical compounds of photopolymer components

are presented in Figure 6.1.
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Figure 6.1. Chemical compounds of photopolymer components.
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In order to create a photopolymer material with good holographic recording
characteristics, optimisation of the photopolymer formulation was carried out by
varying the concentration of all the constituent elements. Further details on the
development and optimisation of the material are presented in section 6.4.

As the grating develops during the photopolymerisation process in the material,
it is important to understand the role of the photopolymer components during the
process. The following section 6.2 describes the recording mechanism in

photopolymers.

6.2. Recording mechanism in photopolymers

Photopolymerisation is a polymerisation technique utilised to synthesise the polymeric
structure in the photopolymer materials. The term photopolymerisation means the
initiation of polymer chain growth by light exposure. The mechanism of polymerisation
used in this research is free radical vinyl polymerisation which can be described as
follows. During the polymerisation process the carbon-carbon double bond of the
monomer is broken and replaced with a single bond. Such specie is active as it has
unpaired electrons and it reacts with another monomer linking the monomers into the
polymer chain.

As mentioned above, in the present research NIPA was used as a monomer and
NPG along with Erythrosine B was utilised as a photoinitiating system. It was
previously shown [2] that poly(N-isopropylacrylamide) (PNIPA) could be synthesised
using free radical polymerisation. Also, it was demonstrated [3] that the photoinitiating
system containing NPG and xanthene dye exhibited high initiating efficiency upon
illumination with visible light. Photopolymerisation involves the following processes:

initiation, propagation and termination [4, 5].
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6.2.1. Initiation
According to the model proposed in [6], the following processes take place during
initiation. Upon illumination, the dye molecule D absorbs light of a particular

wavelength within its absorption band and it is excited to a singlet state 'D":
D+hv—'D". (6.1)

The dye in the excited singlet state is very unstable. It may revert to the ground state by
one of two possible processes: emission of a photon (fluorescence) and radiationless
transfer (fluorescence quenching) to another molecule Q,

'D" > D+hv (fluorescence), (6.2)

'D"+Q0—D+Q (fluorescence quenching). (6.3)

Also, it may transit from singlet state into the triplet excited state D’ (intersystem

crossing) where the life time of the excited state is longer:

'p">3p” (intersystem crossing). (6.4)
In this triplet state the dye molecule is capable of reacting with the electron donor.
Alternatively it may go back to the ground state by the following processes: emission of
a photon (delayed fluorescence or phosphorescence), oxygen quenching and
radiationless transfer (triplet quenching). In case of high dye concentration, deactivation
of an excited dye molecule can happen by collision with another dye molecule.
Free radicals (De and EDe) are generated when the exited triplet state dye
molecule reacts with the electron donor. The electron donor donates an electron to the

exited triplet state dye molecule and becomes a free radical:

D"+ ED - De+ED . (6.5)
The dye radical anion (De) is not reactive enough to initiate polymerisation. The

electron donor radical cation (EDe) in the presence of monomer (M) initiates the

138



polymerisation reaction. The initiating free radical (EDe) breaks the carbon-carbon
double bond (the vinyl group) of the monomer (M) and shares the free electron with one
of the electron of the carbon atom in the double bond leaving behind the other carbon
bond with an unpaired electron:

EDe+M =ED—-M o (6.6)
Produced chain initiator (ED-Me®) is a free radical and can react with other monomers
leading to the formation of polymer chains. Chain initiator ED-Me® can also react with

dye radical producing transparent form of the dye.

6.2.2. Propagation

The chain initiator (ED-Me) can react with another monomer molecule (M) by addition
to the carbon-carbon double bond yielding a growing polymer radical with an active
end. Thus, when the free radical reacts with a monomer, the number of molecules in the

polymer chain increases:
ED-Me+M =ED— (M), *, (6.7)
ED—-(M), *+M =ED—(M), ., ®. (6.8)
This process continues until either all the monomers are consumed or a termination

reaction occurs.

6.2.3. Termination
Termination in free radical polymerisation can occurs in three ways. Two of these,
disproportionation and combination, are caused by interaction of two growing
macroradicals [4, 5]. Combination occurs when two free radicals meet and share their
free electrons forming a covalent bond resulting in a single long polymer chain:
ED— (M), ®+ED— (M), ®=ED— (M), —(M), —ED . (6.9)
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Disproportionation takes place when a hydrogen atom is abstracted from one of the
growing polymer chains by another. This leads to a double bond on the first chain,
causing the termination reaction. A carbon-carbon double bond takes the place of the
missing hydrogen. Termination by disproportionation is shown below:
ED—(M),®+ED— (M), ®=ED—(M),+ED—(M),, . (6.10)
Termination may also occur by a mixture of disproportionation and combination.

A third possible mechanism of termination is caused by primary radical
termination [7]. A growing polymer chain reacts with the electron donor radical (EDe)
leading to the production of inactive polymer chain:

ED—(M), +EDe=ED—(M), —ED. 6.11)

In the case of the NIPA-based composition described in section 6.1, the structure
obtained after the finishing the process of polymerisation can be described as a hybrid
polymer consisting of a crosslinked polymer network, containing PNIPA chains with
interconnections formed from the N,N’-methylenebisacrylamide, in an inert background

polymer (polyvinyl alcohol).

6.3. Experimental

6.3.1. Layer preparation
The photopolymer solution was prepared by mixing the photopolymer components such
as 10 % w/v stock polyvinyl alcohol solution along with 0.11 % w/v Erythrosine B
solution, N-isopropylacrylamide, N,N’-methylenebisacrylamide, glycerol,
N—phenylglycine and citric acid (utilised in samples for reflection holography) using a
magnetic stirrer. The concentration of components was varied in accordance with the
aim of the experiment. In some samples for transmission mode recording glycerol was

excluded. The details are presented in section 6.4. The final compositions for recording
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in transmission and reflection modes are presented in section 6.4.7 and section 6.5.1,
respectively.

The photopolymer layers were prepared by deposition of appropriate amount of
photopolymer solution on the leveled glass slides (76 x 26 mm?®) and drying for
24 hours in a dark room at temperature of 21 £ 2 °C and relative humidity of 35 £ 5 %.
During the development of the photopolymer composition for recording in transmission
mode, photopolymer layers with the thickness of 90 um were prepared. Photopolymer
layers with the thickness of 60 wm were used for recording in reflection mode. The
amount of the photopolymer solution for recording in transmission and reflection modes
was 2.7 ml and 0.8 ml, respectively, in order to get 90 um and 60 pum thick layers,
accordingly. The thickness of the layers for recording in reflection mode was less in
order to avoid significant difference in the intensity of incoming beams due to
absorbance of light by the layer. The thickness of the dry layers was measured with a

white light interferometric surface profiler MicroXAM S/N 8038.

6.3.2. Holographic recording
The recording of unslanted volume phase transmission gratings was carried out by using
a setup shown in Figure 6.2a. Transmission gratings with the spatial frequency of
1000 + 32 lines/mm were recorded. The total recording intensity and the recording time
were varied in accordance with the aim of the experiment. Different total recording
intensities were used in order to get different lengths of polymer chains. Different
recording time allowed manipulating the concentration of unreacted monomers. Further
details are presented in section 6.4. To characterise the holographic gratings, Bragg

selectivity curves were recorded using a technique described in Chapter 3, section 3.3.3.
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Figure 6.2. Experimental set-up for the recording of a transmission grating (a) and a reflection
grating (b): S -electronic shutter; HWP — half-wave plate; PBS — polarising beam splitter;
SF — spatial filter; C — collimator; V A-variable aperture; M — mirror; PM — power meter;

PC - computer.

Volume phase reflection gratings with the spatial frequency of
2700 + 44 lines/mm were recorded using a set-up shown in Figure 6.2b. Preliminary

results demonstrated that the maximum diffraction efficiency can be achieved after
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100 sec exposure time at the total recording intensity of 10.5 mW/cm?. Optimisation of

the recording conditions will be presented in Chapter 7.

6.3.3. Characterisation of the diffraction efficiency of reflection gratings
The diffraction efficiency of reflection gratings was monitored using a 532 nm beam
from a Nd:YVOq laser at Bragg incidence. According to the Bragg law (Equation 2.3),
in the case of the reflection grating with the spatial frequency of 2700 lines/mm, the
angle of the probing beam at Bragg incidence is about 61° with respect to the normal to
the surface of the grating. This leads to losses in the intensity of the beam going through
the layer due to Fresnel reflection. In order to take into account intensity losses due to
Fresnel reflection, the diffraction efficiency (77) of reflection gratings was determined as

follows:
n=—-+"4— (6.12)

where I, is the intensity of the diffracted beam, I;, is the intensity of the incident beam

and /.. is the intensity of the reflected beam.

6.3.4. Refractive index modulation calculation
Quantitative analysis of the refractive index modulation of the material achieved during
holographic recording was carried out using the coupled wave theory [8]. The
applicability of the coupled wave theory was justified by calculation of Q factor using
Equation (2.1). In the present research, Q factor for the transmission gratings with the
spatial frequency of 1000 lines/mm and with the thickness of 90 um was found to be
about 200. For the reflection gratings with the spatial frequency of 2700 lines/mm and

thickness of 60 um, Q factor was estimated to be around 1000. This allowed applying
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the coupled wave theory for the evaluation of the refractive index modulation achieved
during holographic recording. Equations (6.13) and (6.14) were utilised for transmission

mode and reflection mode, respectively:

= ’1‘:059:;_1 W) 6.13)

. lcosﬁtanh‘l(\/ﬁ)
" P

, (6.14)

where / is the wavelength of the reconstructing beam, @ is the Bragg angle inside the
photopolymer layer for the reconstructing wavelength and d is the thickness of the

grating.

6.3.5. UV-curing
In order to investigate the effect of UV-light exposure on the stability of the diffraction
efficiency, the samples were UV-cured. Different UV-systems were utilised.
Transmission gratings were exposed to UV-light with the intensity of 2.5 mW/cm? for a
certain time using a UV Exposure unit (Mega Electronics, model 5503-11).
Experimental data are presented in section 6.4.6. Reflection gratings were UV-cured
using Dymax UV curing system (model ECE-200). It was previously demonstrated [9]
that the UV-source with the high intensity was required to fix the reflection grating
recorded in the DA-based photopolymer composition. Dymax UV curing system was
used as it provided the intensity of exposure up to 60 mW/cm?. Experimental data are

presented in section 6.5.2.
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6.4. Development and optimisation of the photopolymer composition for

transmission mode recording

6.4.1. N-isopropylacrylamide monomer optimisation
PNIPA was first synthesised in 1956 [10] and its thermal properties in aqueous
solutions were discovered in 1968 [11]. PNIPA can be classified as a negative
temperature-sensitive system and has a lower critical solution temperature (LCST) of
about 32 °C. Temperature response of PNIPA is based on temperature induced
reversible conformational changes of polymer molecules and depends on the interaction
between polymer molecules with water. Once the temperature reaches LCST, the
polymer chains transform from water-soluble coils to water insoluble globules as the
efficiency of hydrogen bonding becomes insufficient for the solubility of the polymer

(Figure 6.3).
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Figure 6.3. Conformational changes of Poly(N-isopropylacrylamide) molecules at LCST.

This phenomenon is fully reversible and it turns back to the original state when the
stimulus is removed. LCST can be manipulated by copolymerisation of NIPA with

other appropriate monomers [12]. In addition of temperature sensitivity, PNIPA has an
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advantage such as low toxicity [13, 14]. Due to its low toxicity PNIPA is the most
popular intelligent polymer used for the development of temperature responsive
materials for drug delivery, tissue engineering, biosensors etc. [15-20].

For our research NIPA was bought from Sigma-Aldrich and was used as
received. The concentration of NIPA monomer in the photopolymer composition was
optimised by identifying the maximum monomer amount that can be dispersed in the
binder. High concentration of monomers is required to get high response of the photonic
structure to temperature variations. The temperature response of the holographic
gratings recorded in the NIPA-based photopolymer is based on conformational changes
of PNIPA molecules induced by temperature. In thick holograms, even a small change
in the refractive index modulation ( < 10'3) can have a very substantial effect on the
diffraction efficiency. This effect can be described as follows. During holographic
recording refractive index modulation in the material is created mainly due to the spatial
variation of density of PNIPA caused by spatially patterned photopolymerisation. Under
illumination PNIPA is produced, resulting in higher density in illuminated areas.
Temperature rise causes shrinkage of PNIPA macromolecules which increases the local
density, leading to higher refractive index modulation and, hence, higher diffraction
efficiency.

The maximum amount of monomers which could be accommodated by the
matrix without phase separation was determined by varying the monomer concentration.
The amount of NIPA in the photopolymer solution was found to be ~11 mg per ml of
liquid coating solution. Introducing higher amount of NIPA leads to the deterioration of
the layer quality, i.e. crystallisation of NIPA on the surface of the layer. Figure 6.4
shows the photopolymer layer prepared with the composition containing the optimum

concentration of monomer.
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Figure 6.4. The photograph of the photopolymer layer prepared with the composition
containing the optimum concentration of monomer. The thickness of the layer is 90 pm.

Cross-linking monomer such as N,N’-methylenebisacrylamide was used in order
to minimise the post-recording decay of the diffraction efficiency. As previously found
[21], the cross-linker prevented post-recording decay of the diffraction efficiency due to
its capability to keep the polymer chains together. The ratio of the main monomer and
the cross-linker was important. According to the previous research [22], the best
performance of the NIPA-based photopolymer was observed when the ratio of NIPA
and the cross-linker such as N,N’-methylenebisacrylamide was 4:3. In our research the
NIPA and N,N’-methylenebisacrylamide ratio was also kept 4:3.

The first trial of holographic recording of transmission gratings in the novel
NIPA-based photopolymer composition was successful. The NIPA-based photopolymer
composition contained an inert polymeric binder (polyvinyl alcohol), a monomer
(NIPA), a cross-linker (NV,N’-methylenebisacrylamide), a photo-initiator (NPG) and a
light absorbing component (Erythrosin B). The diffraction efficiency of about 17 % was
achieved during recording with the total intensity of 5 mW/cm? for 40 sec at a spatial
frequency of 1000 lines/mm in layers with the thickness of 90 um. However, the
diffraction efficiency was found to decrease up to two times within few hours after the
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recording. The following sections describe the behavior of the diffraction efficiency

with time and approaches utilised to stabilise the photonic structure.

6.4.2. Diffraction efficiency shelf life studies

Behavior of the diffraction efficiency of transmission gratings recorded in the NIPA-
based photopolymer with time was investigated. To evaluate the changes in the
diffraction efficiency, normalised diffraction efficiency was used. Normalised
diffraction efficiency was calculated as a ratio of the diffraction efficiency measured at
certain time after the recording and the diffraction efficiency measured immediately
after the recording.

Figure 6.5 presents the time dependence of normalised diffraction efficiency of
transmission gratings recorded with the total intensity of 5 mW/cm” and exposure time

70 sec and 100 sec.
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Figure 6.5. Time dependence of normalised diffraction efficiency of transmission gratings
recorded with the total intensity of 5 mW/cm?® and exposure time 70 sec (m) and 100 sec (¢).
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As can be seen, significant decay of the diffraction efficiency was observed
within 1 hour after recording. The samples were in dark conditions during the period of
the observation. Deterioration of the diffraction efficiency was attributed to the low
diffusion rate of monomers. The low diffusion rate of monomers led to the significant
amount of unreacted monomers remaining in dark regions after recording. Due to the
concentration gradient created during holographic recording the monomers diffused
from dark to bright regions causing the refractive index modulation reduction and, as a
result, the diffraction efficiency decreased. The gratings recorded at shorter exposure
time (70 sec) showed bigger decrease of the diffraction efficiency due to higher amount
of unreacted monomers left after recording.

Further monitoring of the diffraction efficiency for the period of 30 days after
recording showed that in 4 days after recording the diffraction efficiency reached its
minimum value and then was unchanged (Figure 6.6). A few different approaches were
used to improve the stability of the grating. Obtained results are presented in

section 6.4.3 — 6.4.5.
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Figure 6.6. Time dependence of normalised diffraction efficiency of transmission gratings.
Exposure time was 100 sec and the total recording intensity was 5 mW/cm’.
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6.4.3. Effect of recording intensity on the stability of the diffraction efficiency
The first approach was based on increasing the polymer chain length. It was previously
demonstrated [23] that short polymer chains can diffuse away from bright regions. This
leads to the decrease of the diffraction efficiency due to the decrease of the density
profile produced during the recording. Long polymer chains are supposed to be
immobile [23]. This can lead to the higher stability of the photonic structure. The length
of polymer chains can be influenced by the intensity of the recording light [24]. The
lower the intensity of the recording light, the lower amount of polymer chains is
initiated. This allows growing the longer polymer chains and reducing the post-
exposure decay of the diffraction efficiency.

In our experiment the total recording intensity was reduced from 5 to
1 mW/cm?. The exposure time was 400 sec. However, only little improvement in the
stability of the grating was observed and the diffraction efficiency decreased up to 50 %

in 5 days after recording.

6.4.4. Effect of elevated recording temperature on stability of the diffraction
efficiency
The second approach was based on increasing the diffusion rate of monomers by
recording the gratings at an elevated temperature. It was previously demonstrated [25]
that elevated temperature during recording speeded up the diffusion of monomers and
improved the exposure sensitivity of the photopolymer containing TEA as a
photoinitiator.
In order to investigate the effect of elevated temperature on the stability of the
diffraction grating recorded in the NIPA-based photopolymer composition, transmission

gratings were recorded at a temperature ranging from 21 to 60 °C. Exposure time was
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100 sec and the recording intensity was 5 mW/cm?. The diffraction efficiency of
transmission gratings recorded at a temperature ranging from 21 to 60 °C is presented in
Figure 6.7. Measurements were taken immediately after recording. As seen from
Figure 6.7, the diffraction efficiency was improved from 12 to 31 % when the

temperature during recording was increased from 21 to 60 °C.

35
1S3
25 30 - "}
(5]
é 25 -
.
-5}
=
20 -
g
& 15 - —3
2 . ]
10 1 1
20 30 40 50 60
Temperature during holographic recording, °C

Figure 6.7. Diffraction efficiency of transmission gratings recorded at different temperatures.

The stability of the diffraction efficiency was investigated by measuring the
diffraction efficiency in 1 day and 3 days after recording (Figure 6.8). Normalised
diffraction efficiency was calculated as a ratio of the diffraction efficiency measured at
certain time after recording (1 or 3 days) and the diffraction efficiency measured
immediately after recording. As seen from Figure 6.8, the decrease of the diffraction
efficiency of gratings depends on the temperature during holographic recording. The
stability of the diffraction efficiency was improved at a higher temperature of recording.
However, the decay of the diffraction efficiency was still observed in 3 days after
recording.
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Figure 6.8. Normalised diffraction efficiency of transmission gratings recorded at different
temperatures: (#) - 1 day after recording and (m) - 3 days after recording.

The third approach was based on introducing glycerol as a plasticiser. Experimental

data are presented in the following section.

6.4.5. Effect of glycerol on stability of the diffraction efficiency
In order to stabilise the diffraction efficiency, glycerol as a plasticiser was introduced
into the photopolymer composition. Previously, it was shown that the addition of
glycerol promoted diffusion of monomer molecules during holographic recording,
improved the stability of created photonic structures and improved exposure sensitivity
of the material [26].

During the development of the photopolymer composition the concentration of
glycerol was optimised by finding the minimum concentration that it would still provide
improvement in the stability of the diffraction efficiency. This was carried out in order
to maintain the low permeability of the matrix to water molecules and avoid unwanted

sensitivity to humidity changes. In composition for transmission mode of recording, the
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optimum content of glycerol was determined as 0.2 ml in 18.2 ml of the photopolymer
solution.

The addition of glycerol had two positive effects on the performance of the
NIPA-based photopolymer. Firstly, the exposure sensitivity of the material was
improved. As shown in Chapter 4, section 4.2.1, photopolymer systems containing NPG
as the initiator suffered from the lower exposure sensitivity. Figure 6.9 shows the
growth curve of the diffraction efficiency of transmission gratings recorded in the
photopolymer layers without and with addition of glycerol. Recording intensity was
5mW/cm’. As can be seen from Figure 6.9, the exposure sensitivity of the
photopolymer composition containing glycerol is higher. Transmission gratings with the
diffraction efficiency of 37 % and 54 % can be recorded in layers without and with

addition of glycerol after exposure for 70 sec, respectively.
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Figure 6.9. Growth of the diffraction efficiency of transmission gratings recorded in the
photopolymer composition without (m) and with () addition of glycerol. The thickness of the
layers was 90 um.
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Secondly, the addition of glycerol improved the stability of the created photonic
structures. Experimental data on stability of gratings recorded in photopolymer

composition with addition of glycerol is presented in Figure 6.10.
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Figure 6.10. Normalised diffraction efficiency of transmission gratings recorded in the
photopolymer composition containing glycerol versus exposure time.
Normalised diffraction efficiency was calculated as the ratio of the diffraction efficiency
measured in 24 hours after recording and the diffraction efficiency measured
immediately after recording. The diffraction efficiency of gratings recorded with 20, 60
and 70 sec exposure time was found to decrease up to 20 % within 24 hours after
recording. The decay was 3 times less than one observed in the photopolymer
composition without addition of glycerol (Figure 6.6). The gratings recorded with the
exposure time of 100 sec and 130 sec had unchanged diffraction efficiency in 24 hours
after recording. In two weeks after recording a few percent decrease of the diffraction
efficiency of gratings recorded with the exposure time of 100 sec and 130 sec was
observed. In order to prevent the decay of the diffraction efficiency of gratings recorded

with relatively short exposure time less than 70 sec (Figure 6.10), the gratings were UV-
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cured. Experimental data are presented in section 6.4.6.

6.4.6. Effect of UV-curing on stability of the diffraction efficiency
Effect of UV-curing on the stability of the diffraction efficiency of transmission
gratings recorded using the recording intensity of 5 mW/cm® and different exposure
times was investigated. After the recording, the gratings were exposed to UV-light with
the intensity of 2.5 mW/cm? utilising a UV Exposure unit. Normalised diffraction
efficiency of transmission gratings versus UV-light exposure time is presented in

Figure 6.11.
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Figure 6.11. Normalised diffraction efficiency of transmission gratings recorded with
20 sec (#), 70 sec (m) and 100 sec (A ) exposure time versus UV-light exposure time.

Normalised diffraction efficiency was calculated as the ratio of the diffraction efficiency
measured after certain time of UV-curing and the diffraction efficiency measured

immediately after recording. As can be seen, the trend of the diffraction efficiency
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under exposure to UV-light was the same for samples with 20 sec and 70 sec recording
times. The diffraction efficiency decreased and it reached its minimum value after
12 min of UV-exposure. The sample recorded with 20 sec exposure time showed bigger
decay of the diffraction efficiency. This was attributed to the higher concentration of
unreacted monomers left after recoding in dark regions. Polymerisation of monomers
under uniform UV-light led to the increase of the refractive index in both bright and
dark regions. However, the increase of the refractive index in dark regions was bigger
than in bright regions which led to the overall decrease of the refractive index
modulation and, hence, the diffraction efficiency decrease.

The diffraction efficiency of the grating recorded with 100 sec exposure time
was unchanged under UV-exposure for the period of up to 12 min. This experimental
data supported the discussion above. During recording for longer time most of
monomers were consumed and UV-exposure did not cause any decrease of the
diffraction efficiency due to uniform polymerisation of unreacted monomers.

It should be noted that a few percent increase of the diffraction efficiency
recorded with 100 sec exposure time was observed for longer time of UV-exposure.
This was probably due to the erasing of spatial variation of the molar refraction which
led to the increase of the refractive index modulation (Figure 4.6a). Further monitoring
of the diffraction efficiency of UV-cured samples for the period of 14 days after the
recording showed that the diffraction efficiency was unchanged.

Thus, the addition of glycerol in the photopolymer composition and UV-curing
allowed stabilising the diffraction efficiency of transmission gratings recorded in the
NIPA-based photopolymer composition. Further optimisation of the photopolymer

composition is presented in section 6.4.7.
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6.4.7. Optimisation of the photoinitiating system
The optimisation of the photoinitiating system was carried out in order to improve the
sensitivity of the material. The optimum concentrations of the light absorbing
component (Erythrosin B) and NPG were obtained by determining the maximum
achievable refractive index modulation during holographic recording. Refractive index
modulation was calculated using Equation (6.13). Experimental data for the refractive
index modulation achieved during the recording of transmission gratings in layers

containing different amount of Erythrosine B are presented in Figure 6.12.
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Figure 6.12. Refractive index modulation versus the concentration of Erythrosine B.

As can be seen, a little increase of the refractive index modulation was observed if the
concentration of Erythrosine B was higher than 0.12 mg/ml in the photopolymer stock
solution. The concentration of Erythrosine B of 0.12 mg/ml was found to be the

optimum.
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Experimental data for the refractive index modulation achieved during the
recording of transmission gratings with the spatial frequency of 1000 lines/mm in layers

containing different amount of NPG are presented in Figure 6.13.
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Figure 6.13. Refractive index modulation versus the concentration of N-phenylglycine.

The concentration of NPG of 2.2 mg/ml in the photopolymer stock solution was found
to be the optimum. The optimised composition of the thermosensitive photopolymer for

recording in transmission mode is presented in Table 6.1.

Table 6.1. Photopolymer composition for recording in transmission mode.

Chemical Reagent Concentration/
Molar Concentration

Polyvinyl alcohol 8.79 % wlv

N-isopropylacrylamide 0.097 M

N, N’-methylenebisacrylamide | 0.053 M

Erythrosin B 1.37x10* M

N-phenylglycine 0.0145 M

Glycerol 0.15M

158



The photopolymer composition contains an inert polymeric binder (polyvinyl alcohol),
a monomer (NIPA), a cross-linker (N,N’-methylenebisacrylamide), a photo-initiator
(NPG), a plasticiser and a free radical scavenger (glycerol) and a light absorbing
component (Erythrosin B). Further development of the material for holographic

recording in reflection mode is presented in section 6.5.

6.5. Development of the photopolymer composition for reflection mode

recording

6.5.1. Improvement of the spatial resolution
The photopolymer composition optimised for transmission mode recording (Table 6.1)
was used as the starting composition during the development of the photopolymer
composition for recording in reflection mode. In reflection mode, the material has to be
able to achieve high spatial resolution. Spatial resolution can be manipulated by
controlling the size of polymer chains during its growing and extending out/diffusing
into the illuminated areas. In order to improve the spatial resolution of the material, the
approach recently proposed in [27, 28] was utilised. It was observed that the
combination of CTA such as citric acid with the free radical scavenger such as glycerol
improved the spatial resolution of the photopolymer material and led to enhancement of
the diffraction efficiency. Based on this approach, two modifications of the NIPA-based
photopolymer composition were done. Firstly, citric acid was incorporated. Secondly,
glycerol concentration was increased in comparison with the photopolymer composition
for the transmission mode recording.

Addition of CTA to the photopolymer composition introduces the following

reactions to the propagation stage during the polymerisation process. A CTA terminates

the polymer chain and forms a new active radical capable of initiating the growth of a
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new polymer chain [29]. The growing polymer chain (M), reacts with CTA (XA)

leading to the deactivation of the polymer chain radical:
(M), *+XA=(M),—X +Ae. (6.15)

The new radical A® is capable of the initiation and subsequent propagation of a new
polymer chain:
Ae+M =M, (6.16)
Thus, the addition of CTA to the photopolymer composition promotes the
growth of shorter polymer chains and prevents their extending out of the bright fringe
areas leading to the higher refractive index modulation and, hence, the diffraction
efficiency.
In order to evaluate the effect of the addition of citric acid into the photopolymer
composition on the diffraction efficiency, reflection gratings were recorded in

photopolymer layers containing different concentration of citric acid (Table 6.2).

Table 6.2. Amount of citric acid in 18.2 ml of photopolymer solution for recording
in reflection mode.

Citric Acid, g | NIPA:CTA
0.04 5

0.08 25

0.16 1.25

0.24 0.83

Different amounts of citric acid were added in order to manipulate the length of polymer
chains. At higher concentration of citric acid, the shorter polymer chains can be formed.

NIPA and citric acid ratios (NIPA:CTA) were 0.8, 1.25, 2.5 and 5 (Table 6.2). The
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percentage concentration of glycerol in dry layers was same as in the photopolymer
composition for transmission mode and it was found to be 11 % w/w.

Experimental data of the diffraction efficiency of gratings recorded in the
photopolymer layers containing different NIPA:CTA ratios are presented in

Figure 6.14.
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Figure 6.14. Diffraction efficiency of reflection gratings recorded in photopolymer layers
with the percentage concentration of glycerol of 11 % () and 38 % w/w (m) and different
N-isopropylacrylamide and citric acid ratios.

As can be seen, no improvement of the diffraction efficiency is observed if the
concentration of glycerol is 11 % w/w. The possible explanation is as follows. Addition
of CTA promotes the growth of shorter polymer chains which are more mobile and can
diffuse from the bright to dark regions [23, 30]. In order to limit the mobility of short
chains, the permeability of the matrix must be decreased. It can be done by increasing
the concentration of glycerol. Glycerol speeds up polymerisation leading to decreased
permeability of the matrix and limited mobility of short chains.

In order to evaluate the effect of addition of glycerol along with citric acid into

the photopolymer composition on the diffraction efficiency, reflection gratings were
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recorded in the photopolymer layers contained 38 % w/w of glycerol. NIPA:CTA ratios
were as shown in Table 6.2. Experimental data are presented in Figure 6.14.

As can be seen, the increase of glycerol concentration from 11 % to 38 % w/w
allowed enhancing the diffraction efficiency from 6 to 19 %. Maximum diffraction
efficiency of 19 % was achieved when NIPA:CTA ratio was 2.5. Thus, the
improvement of the spatial resolution of the material and the diffraction efficiency can
be explained by the effects of both CTA which promotes the growth of shorter chains
and glycerol which restricts short polymer chain movement.

Further investigation of the effect of glycerol concentration on the performance
of the photopolymer composition in the reflection mode was carried out. Reflection
gratings were recorded in photopolymer layers containing different concentration of
glycerol. The NIPA:CTA ratio was kept as 2.5. Refractive index modulation achieved
during the recording versus the percentage concentration of glycerol in dry layers is

presented in Figure 6.15.
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Figure 6.15. Refractive index modulation achieved during recording in reflection mode versus
percentage concentration of glycerol in dry photopolymer layers.
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Refractive index modulation was calculated using Equation (6.14). As can be seen from
Figure 6.15, maximum refractive index modulation of 1.2 x 10~ was achieve in layers
containing 38 % w/w of glycerol. This concentration was found to be the optimum. The

optimised photopolymer composition for recording in reflection mode is presented in

Table 6.3.

Table 6.3. Photopolymer composition for recording in reflection mode.

Concentration/
Chemical R t
cmicat Reagen Molar Concentration
Polyvinyl alcohol 8.42 % wlv

N-isopropylacrylamide 0.093 M
N,N’-methylene

bisacrylamide 0.051M
Erythrosin B 1.32x10* M
N-phenylglycine 0.0139 M
Glycerol 0.72M
Citric acid 0.022 M

The composition of the thermosensitive photopolymer for recording in reflection mode
contains an inert polymeric binder (polyvinyl alcohol), a monomer (NIPA), a cross-
linker (N,N’-methylenebisacrylamide), a photo-initiator (NPG), a plasticiser and a free
radical scavenger (glycerol), a light absorbing component (Erythrosin B) and chain
transfer agent such as citric acid. Investigation of the stability of the diffraction

efficiency of reflection gratings is presented in section 6.5.2.

6.5.2. Diffraction efficiency of reflection gratings: dependence on time
Behavior of the diffraction efficiency of reflection gratings recorded in the NIPA-based
photopolymer with time was investigated. To evaluate the changes in the diffraction

efficiency, normalised diffraction efficiency was used. Normalised diffraction efficiency
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was calculated as a ratio of the diffraction efficiency measured at certain time after the
recording and the diffraction efficiency measured immediately after the recording.
Figure 6.16 presents the time dependence of normalised diffraction efficiency of

reflection gratings.
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Figure 6.16. Time dependence of normalised diffraction efficiency of reflection gratings
without (m) and with (¢) UV-curing.

As can be seen, the decay of the diffraction efficiency up to 35 % was observed. In
order to prevent the decay of the diffraction efficiency, the reflection gratings were UV-
cured for 99 sec with the total exposing intensity of 60 mW/cm’. Experimental data are
presented in Figure 6.16. The diffraction efficiency of gratings after UV-curing did not
show any decay. The discrepancy can be attributed to the variations in the relative
humidity during the measurements.

To investigate the effect of UV-curing on the diffraction efficiency, reflection

gratings were exposed to UV-light for different exposure times. Dynamics of the
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diffraction efficiency under UV-light exposure is presented in Figure 6.17.
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Figure 6.17. Normalised diffraction efficiency of reflection gratings versus UV-light exposure
time.

Normalised diffraction efficiency was calculated as the ratio of the diffraction efficiency
measured after certain time of UV-curing and the diffraction efficiency measured
immediately after recording. As can be seen, UV-curing caused the decay of the
diffraction efficiency which got it maximum value of 20 % after exposure for 70 sec.
The decrease of the diffraction efficiency can be explained by uniform polymerisation

of unreacted monomers.

6.6. Conclusions
A novel photopolymer composition containing N-isopropylacrylamide as the main
monomer for holographic recording in transmission and reflection modes was
developed. The novel composition has an advantage over acrylamide — based materials

due to its lower toxicity. Although the new formulation did allow grating formation,
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initial challenges included low diffraction efficiency and the decay of the diffraction
efficiency over quite short time periods. After optimisation the composition allows the
recording of stable transmission gratings. The ability of glycerol to prevent the decay of
the diffraction efficiency of transmission gratings due to improved diffusion rate of
monomers was demonstrated. Addition of glycerol along with citric acid was found to
improve the spatial resolution of the material and enhance the diffraction efficiency of
reflection gratings from 6 to 19 %. The investigation of the effect of UV-curing on the
shelf life of gratings was carried out. Exposure to UV-light was found to stabilise the

diffraction efficiency of the grating recorded in both reflection and transmission modes.
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7. HOLOGRAPHIC PERFORMANCE OF N-ISOPROPYLACRYLAMIDE-

BASED PHOTOPOLYMER

7.1. Introduction

The design of the novel NIPA-based photopolymer composition has been reported in
Chapter 6. Stable photopolymer layers were developed and holographic gratings with
stable diffraction efficiency were recorded in both transmission and reflection modes. In
order to achieve the full potential of the photopolymer composition, a characterisation
of the holographic recording capabilities of the material must be carried out.
Holographic recording at optimum recording conditions allows achieving the maximum
refractive index modulation of the photopolymer material which provides the diffraction
efficiency of the grating up to 100 % [1, 2]. Holographic gratings can operate as a
diffraction grating, a spectral filter, a lens, a beam splitter and other optical components
[3-6]. Depending on the application of the holographic grating, different values of the
diffraction efficiency are needed. For example, if a holographic grating functions as a
beam splitter, a specific value of the diffraction efficiency is required to get a certain
beam ratio. This can be achieved by recording at specific conditions obtained by the
characterisation of the holographic performance of the material. If a holographic grating
acts as a sensor providing a visual read-out, high diffraction efficiency is essential [7].

The aim of the research presented in this chapter is to characterise the
holographic performance of the NIPA-based photopolymer in both transmission and
reflection modes and to identify the optimum recording conditions at the spatial
frequencies of 300, 1000 and 2700 lines/mm in transmission mode and 2700 lines/mm
in reflection mode. These spatial frequency values span the range of values expected to

be used in sensing applications, from low spatial frequency transmission diffractive
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optical elements to the typical reflection-image holograms used in colour-changing

indicators.

7.2. Experimental

The photopolymer compositions used for recording in transmission and reflection
modes are presented in Table 6.1 and 6.3, respectively. The photopolymer solution was
prepared by mixing all the components using a magnetic stirrer in a dark room as
described in Chapter 6, section 6.3.1. Photopolymer layers with the thickness varying
from 20 to 115 um were prepared by deposition of the appropriate amount of
photopolymer solution on the levelled glass slides (76 x 26 mm?) and drying for
24 hours in a dark room at temperature of 21 + 2 °C and the relative humidity of
35+ 5 %. According to our estimations, in order to get 100 wm thick layers, 3 ml and
1.5 ml of the photopolymer solution for recording in transmission and reflection modes,
respectively, should be used. The thickness of the dry layers was measured with a white
light interferometric surface profiler MicroXAM S/N 8038.

Transmission and reflection volume phase unslanted gratings were recorded
using the set-up presented in Figure 6.2a and 6.2b, accordingly. The photopolymer
layers were exposed to two beams of 532 nm wavelength obtained by splitting a
Nd:YVOy laser beam. In order to characterise the holographic performance of the
photopolymer composition and to identify the optimum recording conditions, recording
time and total recording intensity were varied. The details are presented in section 7.3.

In transmission mode recording (Figure 6.2a), the angle of the recording beams
(outside the layer) with respect to the normal to the layer surface was adjusted as
4.6+0.5% 15.5 £ 0.5° and 46 + 0.5° to record diffraction gratings with a spatial

frequency of 300 £ 33, 1000 £ 32 and 2700 + 22 lines/mm, respectively. To identify the
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maximum achievable diffraction efficiency at different spatial frequencies, real-time
diffraction efficiency growth curves were recorded using a 633 nm probe beam from
He-Ne laser. The intensity of the diffracted beam was monitored by means of an optical
power meter (Newport 1830-C) and the acquired data were transferred to a computer.
The diffraction efficiency of the transmission gratings was calculated as the ratio of the
intensity of the diffracted beam and the intensity of the incident beam.

In reflection mode recording, diffraction gratings with a spatial frequency of
2700 + 44 lines/mm were recorded using a set-up presented in Figure 6.2b. The
diffraction efficiency was monitored using a 532 nm beam from Nd:YVO, laser and
was determined as the ratio of the intensity of the diffracted beam and the difference of
the intensities of the incident beam and the reflected beam (Equation 6.12). During the
measurements the intensity of the probing beam was 0.7 mW/cm? in order to minimise
the polymerisation of unreacted monomers under uniform illumination.

Quantitative analysis of the refractive index modulation of the material achieved
during holographic recording was carried out as described in Chapter 6, section 6.3.4.
The applicability of the coupled wave theory was justified by calculation of Q factor
using Equation (2.1). In the present research, Q factor for the gratings with a spatial
frequency of 300 lines/mm and with the thickness ranging from 30 to 90 pm was found
to be in the range from 6 to 18. Q factor for the gratings with a spatial frequency of
1000 lines/mm and with the thickness ranging from 30 to 90 um was estimated to be in
the range from 67 to 202. For the gratings with a spatial frequency of 2700 lines/mm
and thickness ranging from 20 to 115 pm, Q factor was calculated to be in the range
from 326 to 1878. This allowed applying the coupled wave theory for the evaluation of
the refractive index modulation achieved during holographic recording. Equations

(6.13) and (6.14) were utilised for transmission mode and reflection mode, respectively.
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7.3. Characterisation of the holographic recording capabilities of the

NIPA-based photopolymer

7.3.1. Diffraction efficiency

7.3.1.1. Transmission gratings with spatial frequencies of 300, 1000 and 2700

lines/mm
Holographic recording capabilities of the NIPA-based photopolymer in transmission
mode were investigated by recording unslanted transmission volume phase gratings at
spatial frequencies of 300 + 33, 1000 + 32 and 2700 + 22 lines/mm. The spatial
frequency of 300 lines/mm was found to be close to the minimum spatial frequency at
which the condition for a volume grating is satisfied for 30 um thick layer and 532 nm
wavelength recording light. At the spatial frequency of 200 lines/mm the recorded
holographic gratings could have properties of both volume and plain gratings as
Q—factor calculated using Equation (2.1) was about 2. The spatial frequency of
2700 lines/mm was chosen as it was close to the maximum spatial frequency achievable
in transmission mode recording with 532 nm wavelength light and also achievable in
reflection mode recording. Holographic recordings were carried out at different total
recording intensities and exposure time to identify the optimum recording conditions.

Figure 7.1 shows typical diffraction efficiency growth curves for transmission

gratings with the spatial frequency of 300 lines/mm recorded using the total recording
intensity of 2, 4 and 6 mW/cm?. The thickness of the layers was 60 = 5 um. As seen
from Figure 7.1, the photoresponse of the material is nonlinear due to complicated
processes of polymerisation and diffusion resulting in the refractive index variation. The
diffraction efficiency growth curve obtained by recording at 4 mW/cm” has lower slope

probably due to losses of the diffraction efficiency caused by formation of higher orders
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of diffraction because of creating non-sinusoidal profile of the refractive index
modulation. At 300 lines/mm the total recording intensity of 2 mW/cm? was found to be
the best of the three intensities that were studied as it allowed achieving maximum
diffraction efficiency using minimum total exposure energy. The diffraction efficiency
of 60 % was achieved in transmission gratings with a spatial frequency of 300 lines/mm

after recording in 60 + 5 wm thick layers with the total recording intensity of 2 mW/cm?.
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Figure 7.1. Diffraction efficiency growth curves for transmission gratings with a spatial
frequency of 300 lines/mm. The total recording intensity was 2 mW/cm” (red line),
4 mW/cm? (blue line) and 6 mW/cm? (black line).

Figure 7.2 shows typical diffraction efficiency growth curves for transmission
gratings with a spatial frequency of 1000 lines/mm recorded using the total recording
intensity of 1, 2, 3 and 6 mW/cm?. At 1000 lines/mm the total recording intensity of

2 mW/cm? is found to be the optimum to get maximum diffraction efficiency using

minimum exposure energy. The diffraction efficiency of 80 % was achieved for
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transmission gratings with a spatial frequency of 1000 lines/mm in 60 £ 5 wm thick
layers. Exposure sensitivity was estimated from the linear part of the growth curve and
it was found to be 0.0056 cm?mlJ. As seen from Table 4.2, the NIPA-based
photopolymer composition has better exposure sensitivity than AA-based photopolymer
containing NPG as a photoinitiator (0.0047 cm*mJ) and it is lower than exposure

sensitivity of AA-based photopolymer containing TEA as a photoinitiator

(0.012 cm*/m)).
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Figure 7.2. Diffraction efficiency growth curves for transmission gratings with a spatial
frequency of 1000 lines/mm. The total recording intensity was 1 mW/cm? (0), 2 mW/cm® (A),
3 mW/cm® (m) and 6 mW/cm® (o).

Figure 7.3 shows typical diffraction efficiency growth curves for transmission
gratings with a spatial frequency of 2700 lines/mm. The total recording intensity was
increased in comparison with the total recording intensity used during recordings at

300 and 1000 lines/mm in order to create shorter polymer chains and to improve the
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refractive index modulation. The total recording intensity of 9.5 mW/cm? was found
to be the optimum. At 2700 lines/mm the diffraction efficiency of 30 % was reached

in 60 = 5 um thick layers after 63 seconds of exposure to the total recording intensity

of 9.5 mW/cm?.
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Figure 7.3. Diffraction efficiency growth curves for transmission gratings with a spatial
frequency of 2700 lines/mm. The total recording intensity was 5 mW/cm® (purple line),
9.5 mW/cm® (green line), 16 mW/cm’ (red line) and 19 mW/cm® (blue line).

7.3.1.2. Reflection gratings with a spatial frequency of 2700 lines/mm
The holographic recording capabilities of the NIPA-based photopolymer in reflection
mode were investigated by recording reflection volume phase gratings at a spatial
frequency of 2700 + 44 lines/mm. The spatial frequency of 2700 lines/mm was used as
it was close to the minimum spatial frequency available for recording in reflection mode
at 532 nm wavelength light. In reflection mode, the spatial period is in the range from

0.37 wm to 0.18 wm when the spatial frequency is varying from 2700 to 5600 lines/mm.
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The better performance of the material is expected at the lower spatial frequency as the
higher refractive index modulation amplitude can be achieved at bigger spatial period.
Reflection gratings were recorded using the total recording intensity of 6, 8.2
and 10.5 mW/cm®’. The total recording intensity of 10.5 mW/cm? was the maximum
achievable intensity for used recording set-up. Experimental data of the diffraction
efficiency versus exposure energy are presented in Figure 7.4. The thickness of the

layers was 60 + 5 pm.
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Figure 7.4. Diffraction efficiency growth curves for reflection gratings with a spatial frequency

of 2700 lines/mm. The total recording intensity was 6 mW/cm® (¢), 8.2 mW/cm® (A) and
10.5 mW/cm? (m).

As seen from Figure 7.4, the diffraction efficiency of 20 % was obtained for the
exposure energy of 1050 mJ/cm?” and the total recording intensity 10.5 mW/cm?. Further
increase of the exposure energy up to two times did not lead to the improvement of the
diffraction efficiency. A possible explanation is that at the exposure energy of

1050 mJ/cm? the available dynamic range of the material has been fully used up.
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Holographic recording capabilities of the NIPA-based photopolymer as a
function of the recording intensity, the exposure energy and the spatial frequency have
been investigated in transmission and reflection modes. The NIPA-based photopolymer
is capable of recording in both transmission and reflection modes and the diffraction
efficiency of 80 % and 20 % can be reached, respectively, using optimum recording
conditions. Optimum conditions for recordings in transmission and reflection modes are

summarised in Table 7.1.

Table 7.1. Holographic recording characteristics of the NIPA-based photopolymer

Diffracti
] Spatial Optimum Total Total l r acton
Recording Frequency Recording Exposure Efficiency, %
M b 9 + .
ode lines’mm | Intensity, mW/cm?> | mJ/cm® (60£ 5 pm thick
layers)
Transmission 300 2.0 700 60
Transmission 1000 2.0 320 80
Transmission 2700 9.5 600 30
Reflection 2700 10.5 1050 20

7.3.2. Refractive index modulation
Refractive index modulation is one of the most important parameters of a holographic
recording material. High refractive index modulation allows high diffraction efficiency
to be obtained in the holographic gratings. Characterisation of the refractive index
modulation achieved during holographic recoding in the NIPA-based photopolymer was
carried out in both transmission and reflection modes. Refractive index modulation as a
function of the spatial frequency and the thickness of the grating was investigated.

Refractive index modulation achieved during holographic recording in transmission
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mode and reflection mode was calculated using Equation (6.13) and (6.14),

respectively. Experimental data are presented in the following sections.

7.3.2.1. Transmission gratings with a spatial frequency of 300 lines/mm
Experimental data of the refractive index modulation for transmission gratings recorded
in layers with the thickness ranging from 30 to 110 um and at a spatial frequency of
300 + 33 lines/mm using the total recording intensity of 2, 4, 6 mW/cm” are shown in

Figure 7.5.
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Figure 7.5. Refractive index modulation versus the thickness of transmission gratings recorded
at a spatial frequency of 300 lines/mm. The total recording intensity was 2 mW/cm® (4),
4 mW/em® () and 6 mW/em” ().

The photoinduced refractive index modulation was found to depend on the thickness of
the grating. The decrease of the refractive index modulation with increasing thickness
was observed. Possible reason is the material absorption of the incident light beams

during recording process. This effect becomes more pronounced in the thick layers
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leading to the incident light intensity losses and the decrease of the refractive index
modulation.

Absorbance of the NIPA-based photopolymer layers at 532 nm wavelength was
tested for samples with the thickness ranging from 45 to 90 um. Absorbance at 532

(As32) nm was estimated as:

1
As3y = —log[—”;_nsm ] (7.1),

m
where [,4,5m 15 the intensity of the beam transmitted by the photopolymer layer and 7;, is
the intensity of the beam incident on the layer. Experimental data on absorbance of the

photopolymer layers with different thickness are presented in Table 7.2.

Table 7.2. Absorbance of NIPA-based photopolymer layers at 532 nm wavelength.

Thickness of
the layer 45 + Sum S8+5pum 67 £ 5 pum 90 + 5 um
Absorbance 0.89 1.14 1.36 1.51

As can be seen from Table 7.2, absorbance of the photopolymer layer highly depends
on the layer thickness, i.e. it increases with increasing thickness. Thus, the refractive
index modulation decrease in thick gratings observed in Figure 7.5 can be explained by
increasing absorbance of the material with increasing thickness of the layers. Maximum
refractive index modulation of 3.7 x 107 was achieved in a 38 um thick layer after
exposure to the optimum total recording intensity of 2 mW/cm® obtained in
section 7.3.1. Exposure time was 350 sec. After exposure to the optimum total recording
intensity of 2 mW/cm? minimum refractive index modulation of 1.9 x 10~ was obtained

in a 110 um thick layer.
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As seen from Figure 7.5, refractive index modulation also depends on the total
recording intensity. The refractive index modulation achieved after exposure to the total
recording intensity of 2 mW/cm® was higher than the refractive index modulation
obtained after exposure to 4 and 6 mW/cm®. This can be attributed to the polymer chain
length created during holographic recording. Lower recording intensity leads to longer
polymer chains in bright fringes providing higher density and, as a result, higher

refractive index modulation.

7.3.2.2. Transmission gratings with a spatial frequency of 1000 lines/mm
Experimental results of the refractive index modulation for transmission gratings
recorded at a spatial frequency of 1000 + 32 lines/mm using the total recording intensity
of 2, 3, 6 mW/cm® in layers with thickness ranging from 45 to 98 um are shown in

Figure 7.6.
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Figure 7.6. Refractive index modulation versus the thickness of transmission gratings recorded
at a spatial frequency of 1000 lines/mm. The total recording intensity was 2 mW/cm® (4),
3 mW/cm? (#)and 6 mW/cm? (m).
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As seen from Figure 7.6, the refractive index modulation depends on the thickness of
the grating and the total recording intensity. Thickness dependence of the refractive
index modulation can be explained by increased absorption of the material with
increasing thickness as discussed in section 7.3.2.1. Intensity dependence of the
refractive index modulation can be attributed to the formation of polymer chains with
different length as in the case of the spatial frequency of 300 lines/mm discussed in
section 7.3.2.1. Maximum refractive index modulation of 4.5 x 10~ was achieved in a
45 pm thick layer after exposure to the optimum total recording intensity of 2 mW/cm?
for 160 sec. After exposure to the optimum total recording intensity of 2 mW/cm®

minimum refractive index modulation of 2.2 x 10~ was obtained in a 98 um thick layer.

7.3.2.3. Transmission gratings with a spatial frequency of 2700 lines/mm
Experimental results of the refractive index modulation for transmission gratings
recorded in layers with thickness ranging from 30 to 85 wm and at a spatial frequency of
2700 £ 22 lines/mm using the total recording intensity ranging from 3 to 19 mW/cm?
are shown in Figure 7.7. The total exposure energy of 600 mJ/cm? was used as it was
identified to be optimum total exposure energy (Table 7.1).

As seen from Figure 7.7, the dependence of the refractive index modulation on
the grating thickness is not as strong as observed at the spatial frequency of
300 lines/mm (Figure 7.5) and 1000 lines/mm (Figure 7.6). Holographic recordings at
2700 lines/mm were carried out using the higher total recording intensity than in the
case of 300 and 1000 lines/mm in order to create shorter polymer chains and achieve

better spatial resolution of the material.
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Figure 7.7. Refractive index modulation versus the thickness of transmission gratings recorded
at a spatial frequency of 2700 lines/mm. The total recording intensity was ranging from
3 to 19 mW/cm®.
Refractive index modulation achieved during recording of transmission gratings

at a spatial frequency of 2700 lines/mm in 60 £ 5 um thick layers as a function of the

total recording intensity is presented in Figure 7.8.
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Figure 7.8. Refractive index modulation versus the total recording intensity for transmission
gratings with a spatial frequency of 2700 lines/mm. The thickness of the layers was 60 £ 5 um.
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As can be seen, maximum refractive index modulation of 1.7 X 10 was achieves after
exposure with the total recording intensity of 9.5 mW/cm®.

It was found that the refractive index modulation at 2700 lines/mm was less
than the refractive index modulation at 300 lines/mm (Figure 7.5) and 1000 lines/mm
(Figure 7.6) probably due to limited resolution of the material. For applications
where high diffraction efficiency is required at a spatial frequency of 2700 lines/mm
or higher the photopolymer composition containing citric acid and increased

concentration of glycerol can be used.

7.3.2.4. Reflection gratings with a spatial frequency of 2700 lines/mm
Experimental results of the refractive index modulation for reflection gratings
recorded in layers with thickness ranging from 20 to 115 um and at a spatial
frequency of 2700 + 44 lines/mm using the optimum recording conditions presented

in Table 7.1 are shown in Figure 7.9.
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Figure 7.9. Refractive index modulation versus the thickness of reflection gratings recorded
at a spatial frequency of 2700 lines/mm.
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The decrease of the refractive index modulation with increasing thickness was observed
due to light absorption in the photopolymer layer. In reflection mode, absorption has
impact on the fringe visibility because the beams are incident from opposite sides of the
photopolymer layer. The thicker the layer, the bigger the difference in intensity of the
two recording beams. This leads to lower visibility of interference fringes during
holographic recording and, hence, the lower refractive index modulation is achieved.
The NIPA-based photopolymer was found to reach refractive index modulation of up to
1.6 x 107 in 20 + 2 pm thick layers and up to 0.6 x 107 in 115 = 5 pm thick layers.
Optical thickness in 532 nm was found to be 1.8 and 3.5 for the layers with the
thickness 45 and 90 um, respectively. Thus, the refractive index modulation of the
material can be tuned by the alteration of the thickness of the layer. This is beneficial

for the utilisation of novel photopolymer in diffractive optics.

7.4. Conclusions
Holographic performance of the NIPA-based photopolymer as a function of the total
recording intensity, the exposure energy and the spatial frequency was investigated in
both transmission and reflection modes. The optimum recording conditions at spatial
frequencies of 300, 1000 and 2700 lines/mm in transmission mode and 2700 lines/mm
in reflection mode were identified.

The diffraction efficiency of 80 % was reached in transmission gratings recorded
in 60 = 5 wm thick layers at a spatial frequency of 1000 lines/mm with exposure of
320 mJ/cm®. This is comparable to the diffraction efficiency achieved with acrylamide—
based photopolymer [8].

The diffraction efficiency of 20 % was obtained in reflection gratings recorded

in 60 £ 5 um thick layers at a spatial frequency of 2700 lines/mm with exposure energy
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of 1050 mJ/cm?. In photopolymer materials the maximum diffraction efficiency of 38 %
was previously achieved in reflection gratings with a spatial frequency of
2500 lines/mm recorded in the diacetone acrylamide-based photopolymer [9].

Refractive index modulation achieved during holographic recording in the
NIPA-based photopolymer was found to depend on the grating thickness showing the
decrease with increasing thickness. Thus, the refractive index modulation of the
material can be tuned by the alteration of the thickness of the layer. This is beneficial
for the utilisation of the novel photopolymer in diffractive optics.

In addition to fulfilling the requirements for holographic recording materials, the
novel photopolymer is sensitive to temperature and has lower toxicity than the
acrylamide-based photopolymer. Characterisation of the temperature response of
holographic gratings recorded in the NIPA-based photopolymer is presented in

Chapter 8.
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8. TEMPERATURE RESPONSE OF HOLOGRAPHIC GRATINGS

RECORDED IN N-ISOPROPYLACRYLAMIDE-BASED PHOTOPOLYMER

8.1. Introduction

Development of a “smart” photopolymer that have ability to record holograms
responsive to temperature variations was one of the main aims of the present research.
In Chapter 6 newly developed N-isopropylacrylamide-based photopolymer composition
was reported. As described in Chapter 7, the NIPA-based photopolymer is capable of
holographic recording in both transmission and reflection modes and the high
diffraction efficiency can be achieved. This chapter presents the characterisation of the
temperature response of transmission and reflection volume phase gratings recorded in
the NIPA-based photopolymer in the temperature range from 18 to 60 °C. This
knowledge allows fabrication of holographic temperature sensors/indicators/actuators
that can respond to temperature variations in the temperature range from 18 to 60 °C.

Recently, a holographic temperature sensor based on thermal expansion of the
analyte-sensitive polymer matrix was reported [1]. The sensor was fabricated through
silver halide chemistry [2] described in Chapter 2, section 2.4.2. The first stage included
making of the analyte-sensitive polymer matrix by bulk polymerisation of temperature
sensitive  monomer  combination such as  N-isopropylacrylamide  and
N,N “methylenebisacrylamide in a molar ratio of 24:1 under UV-light. The second stage
included the recording of a hologram by silver halide photochemistry in order to create
multilayer photonic structure. Developed photonic structure represented a periodic
variation of the refractive index produced by periodic distribution of silver nanoparticles
in the functionalised polymer matrix. The photonic structure provided the signal of the

sensor such as a wavelength shift due to swelling/shrinkage of the whole hologram
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matrix under exposure to temperature. Wavelength shift of over 200 nm was achieved
when the temperature increased from 0 to 28 °C [1].

The mechanism of the temperature response of a holographic sensor based on a
grating recorded in the NIPA-based photopolymer is different from the mechanism
described above. In this case, after holographic recording the temperature responsive
material such as PNIPA is primarily located in the bright fringe regions where
photopolymerisation has occurred. This allows for temperature to be sensed not just
through the swelling and shrinking of the hologram matrix, but also by the alteration of
the physical characteristics of the bright fringes, particularly density and thickness. In
thick holograms, even a small change in the refractive index modulation (<107) can
have a very substantial effect on their diffraction efficiency. The following sections
present the temperature dependence of the diffraction efficiency and the Bragg angle
shift of volume phase slanted transmission gratings and the temperature dependence of
the peak wavelength of the light diffracted by volume phase reflection gratings recorded

in the NIPA-based photopolymer.

8.2. Experimental

8.2.1. Layer preparation
Photopolymer compositions presented in Table 6.1 and 6.3 were used for recording in
transmission and reflection mode, respectively. The photopolymer solution was
prepared as described in Chapter 6, section 6.3.1. Photopolymer layers with the
thickness of 60 = 5 um for recording in transmission and reflection mode were prepared
by deposition of 1.8 ml and 0.8 ml of photopolymer solution, respectively. The
thickness of the dry layers was measured with a white light interferometric surface

profiler MicroXAM S/N 8038.
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8.2.2. Holographic recording

Volume phase slanted transmission gratings were under investigation as they provided
higher sensitivity of the sensor due to the shift in Bragg selectivity curve leading to the
bigger change in the diffraction efficiency as described in Chapter 5, section 5.1.
Volume phase slanted transmission gratings were recorded using a set-up presented in
Figure 5.6. The incident angles of the recording beams (outside the layer), respectively
to the normal to the layer surface, were adjusted as 14 + 0.5° and 46 + 0.5° in order to
record gratings with a slant angle of 71.07 + 0.04° (estimated using Equation 5.1) and a
spatial frequency of 948 + 28 lines/mm (calculated using Equation 5.2).

Our preliminary results showed that exposure to temperature could lead to the
increase of the diffraction efficiency of slanted transmission gratings up to two times.
To exclude the possibility for transition to operation in overmodulation regime
described in Chapter 5, section 5.2, slanted transmission gratings with initially low
diffraction efficiency of 25 + 2 % were recorded with exposure energy of 500 mJ/cm’.

As shown in Chapter 6, section 6.4.6, after recording transmission gratings
recorded in the NIPA-based photopolymer should be stabilised using UV-curing. In
order to stabilise the gratings, they were exposed to UV-light with the intensity of
2.5 mW/cm? for 30 min using a UV Exposure unit (Mega Electronics, model 5503-11).

Volume phase reflection gratings with a spatial frequency of
2700 + 44 lines/mm were recorded using a set-up presented in Figure 6.2b. Holographic
recordings were carried out at the optimum recording conditions described in Chapter 7,
section 7.3.1.2. Total recording intensity of 10.5 mW/cm® and exposure energy of
1050 mJ/cm? were used. As demonstrated in Chapter 6, section 6.5.2, after recording

reflection gratings should be UV-cured to stabilise the diffraction efficiency. Therefore,
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the gratings were stabilised by exposing to UV-light with the total exposing intensity of
60 mW/cm” for 99 sec using Dymax UV curing system (model ECE-200).

In order to evaluate the applicability of the reflection grating as a thermal
indicator, Denisyuk holograms [3] were recorded in the NIPA-based photopolymer
composition for reflection mode using the set-up presented in Figure 8.1. The recording
intensity was 25 mW/cm? and exposure time was 100 sec. Thickness of the layer was

60 £5 pm.

Photopolymer

I N e R
Nd:YVOas Laser "S \

Figure 8.1. Holographic recording set-up with Denisyuk reflection geometry: S - electronic
shutter; SF — spatial filter; V A-variable aperture; C — collimator.

8.2.3. Temperature response testing
The temperature response of transmission gratings was investigated by monitoring the
diffraction efficiency in two ways, i.e. at Bragg incidence and at a constant angle of the
probe beam. The temperature dependence of the diffraction efficiency at Bragg
incidence was investigated using the set-up shown in Figure 3.3. In order to monitor the
diffraction efficiency at Bragg incidence, the position of the sample at every
temperature was adjusted by rotation and maximum diffraction efficiency was obtained.

Different environmental conditions were created by a controlled environment chamber
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with humidity and temperature control system (Electro-tech system, model 5503-11)
described in Chapter 3, section 3.3.4. The chamber had no cooling system to decrease
the temperature so the minimum temperature during the experiment was ambient room
temperature. The chamber allowed increasing the temperature up to 47 and 50 °C at
relative humidity of 60 and 50 %, respectively. During the exposure to temperature, the
intensities of transmitted (/y) and the first-order diffracted (I;) beams were monitored by
means of an optical power meter (Newport 1830-C) simultaneously (Figure 3.3). The
readings were taken 15 min after exposure to a new temperature in order to allow for the
samples to equilibrate with the surrounding conditions. The diffraction efficiency in this
particular experiment was defined as I/(1,+1y).This allowed excluding intensity losses
due to Fresnel reflection at different incident angles and also losses due to scattering.

The temperature dependence of the diffraction efficiency of transmission
gratings monitored at a constant angle of the probe beam was investigated using the set-
up presented in Figure 5.7. The relative humidity during the measurements was
34+2 %. The Bragg curve recordings were carried out 15 min after the certain
temperature was reached in order to allow for the samples to equilibrate with the
surrounding conditions.

The temperature response of reflection gratings was characterised by monitoring
the peak wavelength of the light diffracted by the grating in the temperature range from
20 to 55 °C. During the experiment the relative humidity of 30 and 50 % was kept in
order to characterise the temperature response at different relative humidity levels. The
set-up is presented in Figure 8.2. The probe light from a broad band light source
(AvaLight HAL-S) was guided into the chamber by a fibre optic cable (Avantes FC-
UV400-2). The diffracted light from the grating was coupled through a second fibre

optic cable to a spectral analyser (Avantes AvaSpec-2048). The readings were taken
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15 min after exposure to the new temperature in order to allow for the samples to

equilibrate with the surrounding conditions.

Controlled environment chamber

RH %, T °C

reflection grating

l L
lllumination I:WLS

CL™  oF

Diffracted light

CL

/

Intensity, a.u.

Wavelength, nm

Figure 8.2. Schematic representation of the set-up for testing the temperature response of the
reflection grating. CL — collimating lens; OF — optical fibre; WLS — white light source;
SA — spectral analyser.

8.3. Temperature response of slanted transmission gratings recorded in

the NIPA-based photopolymer
As described in Chapter 5, section 5.1, the holographic sensor based on a slanted
transmission grating can operate by controlling the diffraction efficiency either at Bragg
incidence or at constant angle of the probe beam. The following sections provide
experimental temperature dependence of the diffraction efficiency obtained by probing
the grating in these two probing regimes. Possible applications of the temperature
response of slanted transmission gratings for the development of temperature sensors

are also discussed.
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8.3.1. Diffraction efficiency at Bragg incidence
The temperature response of slanted transmission gratings was investigated by
monitoring the maximum diffraction efficiency in the temperature range from 18 to
47 °C and at relative humidity of 60 %. The dependence of normalised diffraction

efficiency versus temperature is presented on Figure 8.3.
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Figure 8.3. Normalised diffraction efficiency of the transmission grating monitored at Bragg
incidence versus temperature.

Normalised diffraction efficiency was calculated as the ratio of the diffraction efficiency
at certain temperature and the diffraction efficiency at the start of the experiment at
18 °C. As seen from Figure 8.3, at temperatures below 30 °C, the diffraction efficiency
increases up to two times with growing temperature and it decreases above 30 °C. Such
behaviour of the diffraction efficiency can be explained by means of the ability of the
photopolymer layer to transit from the hydrophilic state to the hydrophobic state at a
critical temperature. The temperature level at which changes in the behaviour is
observed is close to the LCST of PNIPA. At temperatures below 30 °C the
photopolymer layer is hydrophilic. As known the higher the temperature, the higher the
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concentration of water molecules in the air at certain humidity level. The higher the
temperature, the more water molecules are absorbed by the layer leading to the increase
of the grating thickness and the refractive index modulation. The refractive index
modulation increases as water molecules are mainly absorbed in dark fringe areas
because these regions have lower density as they contain low concentration of PNIPA.
This assumption has been proved by the experiment where the effect of the thickness
change was excluded and only the effect of the refractive change under temperature
exposure was evaluated. Further details are presented in Chapter 9, section 9.5.

At temperatures above 30 °C the photopolymer layer becomes hydrophobic and
the absorbed water is expelled leading to the shrinkage of the layer and the decrease of
the refractive index modulation. These cause the decrease of the diffraction efficiency.
Thus, the sensing capability of the transmission grating recorded in the NIPA-based
photopolymer is based on temperature induced changes in the diffraction efficiency due
to alterations of both the thickness of the grating and the refractive index modulation.
Temperature induced changes in the diffraction efficiency was found to be reversible
within 2 %.

The temperature response of slanted transmission gratings recorded in the
NIPA-based photopolymer can be used for the development of holographic temperature
sensors. The operation principle of the holographic temperature sensor utilising changes
in the diffraction efficiency at Bragg incidence as a signal is shown in Figure 8.4. When
temperature increases from 20 to 30 °C, the diffraction efficiency (77) monitored at
Bragg incidence increases, as discussed above (Figure 8.3), and provides the sensor
response. In the temperature range from 30 to 47 °C, the decrease of the diffraction

efficiency is observed, as previously shown in Figure 8.3.
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Figure 8.4. Schematic presentation of the operation principle of the temperature sensor
based on a slanted transmission grating. Diffraction efficiency at Bragg incidence is used
as a sensor signal.

It has been found that along with changes in the diffraction efficiency, temperature
exposure causes a Bragg angle shift. Further investigation of the temperature response
of slanted transmission gratings including the temperature dependence of the Bragg

angle is presented in section 8.3.2.

8.3.2. Diffraction efficiency at a constant position of the probe beam
Another approach examining the temperature response of a slanted transmission grating
is monitoring the diffraction efficiency at a constant position of the probe beam with
respect to the sample normal. Figure 8.5 represents the temperature dependence of the
diffraction efficiency measured at a constant position of the probe beam in the

temperature range from 21 to 60 °C and at relative humidity of 34 +2 %. At the start of
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the experiment (at 21 °C) the position of the probe beam was adjusted at the Bragg

incidence and then was kept unchanged during the temperature exposure.
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Figure 8.5. Diffraction efficiency of the slanted transmission grating measured at a constant
position of the probe beam versus temperature.

As seen from Figure 8.5, the decrease of the diffraction efficiency was detected with
increasing temperature. Such behaviour can be explained by the Bragg angle shift due to
dimensional changes of the layer under exposure to elevated temperature. This is
supported by the temperature dependence of the Bragg angle (Figure 8.6). As seen from
Figure 8.6, the Bragg angle shift up to 3° was observed when the temperature increased
from 21 to 60 °C.

In order to evaluate the reversibility of the temperature induced shift in the
Bragg angle, the grating was left to recover at 21 °C and the relative humidity of

34 + 2 % for 24 hours. The Bragg angle shift was found to be reversible within 0.1°.
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Figure 8.6. The Bragg angle shift of the slanted transmission grating versus temperature.

Holographic gratings with temperature response such as temperature induced
shift in the Bragg angle can be implemented for the development of holographic
temperature switchable actuators. When local heat is applied to the holographic grating,
it will change its properties and, thus, will send a signal, i.e. intensity of the transmitted
light monitored at a fixed position will alter.

The operation principle of a temperature switchable actuator based on a
holographic grating recorded in the NIPA-based photopolymer is presented in
Figure 8.7. During the temperature exposure the holographic grating is probed at a
constant position of the probe beam () adjusted as the Bragg angle at 20 °C. At 20 °C
the maximum diffraction efficiency is detected at a given direction. When temperature
increases from 20 to 30 °C, the Bragg angle shift is induced by temperature exposure
and the diffraction efficiency decreases to 0 % at a given direction (the signal

disappears).
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Figure 8.7. Schematic presentation of the operation principle of the temperature switchable
actuator based on a slanted transmission grating.
Due to temperature induced Bragg angle shift the maximum diffraction efficiency at
different temperatures is detected at different angles. This feature can be used in
holographic optical elements for light beam redirection. Transmission gratings recorded
in the NIPA-based photopolymer may redirect light in specific direction, depending on
the environmental or locally changed temperature. One possible application for this is
shading for windows or other light sources. Following section 8.3 presents the

temperature response of reflection gratings and its possible applications.
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8.4. Temperature response of reflection gratings recorded in the NIPA-

based photopolymer

8.4.1. Temperature dependence of the peak wavelength of the light diffracted
by reflection gratings
The temperature response of reflection gratings was investigated in the temperature
range from 20 to 55°C. Figure 8.8 shows the temperature dependence of the
wavelength shift of the light diffracted by a reflection grating with a spatial frequency of

2700 lines/mm at relative humidity of 30 and 50 %.
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Figure 8.8. Spectral response of the reflection grating at 30 % RH (¢ ) and 50 % RH (m)
versus temperature.

The wavelength shift was determined as a difference in the wavelength reconstructed by
the hologram at a certain temperature and the wavelength reconstructed at the start of
the experiment at 20 °C. At 30 and 50 % relative humidity the dependence of the

wavelength shift versus temperature is different. A possible explanation is as follows.
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As discussed in Chapter 2, section 2.3, under exposure to an analyte the wavelength
shift of the light diffracted by the reflection grating is caused by the refractive index
change, the fringe spacing alteration and the Bragg angle shift. In the present research,
the angle of the probe beam was fixed and, thus, according to Equation (2.6), the
wavelength shift was due to the refractive index change and the fringe spacing
alteration. With increasing temperature the water concentration in the air is increased
and more water molecules are absorbed by the photopolymer layer. This leads to the
increase of the spatial period of the grating and, according to Equation (2.3), the
wavelength shift to longer wavelengths is induced. At the same time, water (n = 1.33)
absorption by the photopolymer layer (n = 1.5) causes the decrease of the average
refractive index of the photopolymer layer providing the wavelength shift to shorter
wavelengths. Thus, water absorption by the photopolymer layer leads to the opposite
effects of the refractive index change and the fringe spacing alteration on the
wavelength shift. The contribution of these two parameters is found to be different at
the relative humidity of 30 and 50 %.

As seen from Figure 8.8, at the relative humidity of 30 % exposure to
temperature below 30 °C causes a gradual wavelength shift up to 2 nm to shorter
wavelengths. This can be explained by slightly higher impact of the refractive index
change than the effect of the spatial period alteration. When temperature is above 30 °C,
the photopolymer material becomes hydrophobic and absorbed water is expelled.
Evaporation process induces the shrinkage of the layer and the increase of the average
refractive index. Based on the experimentally observed wavelength shift up to 18 nm to
shorter wavelengths, one can conclude that the spatial period alteration dominates the

refractive index change.
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At 50 % relative humidity the effect of the spatial period alteration dominates
the refractive index change at temperature below 30 °C and above 40 °C (Figure 8.8.).
In the temperature range from 30 to 40 °C contributions of the spatial period alteration
and the refractive index change are equal but have opposite effect on the wavelength
shift. Thus, the wavelength is unchanged in this temperature range. At temperature
below 30 °C the increase of the grating period dominates the refractive index decrease
and, as a result, the wavelength shift of up to 20 nm to longer wavelengths is observed.
At temperature above 40 °C the shrinkage of the layer is induced due to the transition of
PNIPA molecules to hydrophobic state. This leads to the decrease of the grating period
and, consequently, the wavelength shifts to shorter wavelengths for up to 65 nm.

As known, the human eye is able to resolve the color with 10 nm wavelength
intervals [4]. Thus, a wavelength shift of more than 10 nm can be visually detected as a
color change of the hologram when reconstructed in white light. Figure 8.9
demonstrates the photographs of Denisyuk hologram recorded in the NIPA-based

photopolymer at 20 °C and 50 °C.

Figure 8.9. The photographs of Denisyuk hologram recorded in the NIPA-based photopolymer
at 20 °C (a) and 50 °C (b).
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It can be seen that the temperature increase from 20 °C to 50 °C causes a color change
of the hologram. This is well suited to the application of reflection holograms as
temperature visual indicators that visibly change the color under temperature exposure.
One possible application is temperature sensitive labels that indicate what the current
temperature of the product is and/or if it is above a temperature that is critical for
protecting the quality of the goods. Such product could be useful for packaging industry

where goods need to be stored at specific temperature.

8.4.2. Reversibility of the temperature induced wavelength shift
One of the main characteristics of the sensor is sensor reversibility. The reversibility of
the temperature induced wavelength shift discussed in section 8.4.1 was studied by
exposing the reflection grating with a spatial frequency of 2700 + 44 lines/mm to
7 cycles of temperature changes. The measurements of the wavelength of the light
diffracted by a reflection grating were carried out before temperature exposure, during
exposure to temperature at 50 °C and 24 hours after exposure to temperature. During all
measurements the relative humidity was kept 50 + 1 %. Before temperature exposure,
the wavelength measurements were carried at 22 +0.5 °C. During the temperature
exposure, temperature was gradually increased from 22 to 50 °C in the period of 60 min
as the environmental chamber allowed. When 50 °C was reached, the sample was kept
at this temperature for 40 min and, then, the wavelength measurements were carried out.
After temperature exposure the sample was left to recover at 22 + 1 °C and at relative
humidity of 50 +5 % for 24 hours and then the wavelength measurement was carried
out again. The wavelength shift caused by temperature exposure at 50 °C for 40 min
was observed to be relatively constant for 7 cycles of the temperature exposure

(Figure 8.10).
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Figure 8. 10. Wavelength shift induced by temperature exposure versus a cycle number for the
reflection grating recorded in the NIPA-based photopolymer.

The small variation of the wavelength shift can be attributed to the uncertainty of the

temperature and relative humidity level during the measurements. However, the

wavelength of the diffracted light was found to not recover to its initial value

(Figure 8.11).
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Figure 8. 11. Wavelength of the light diffracted by the reflection grating recorded in the

NIPA-based photopolymer before (4 ) and 24 hours after (O) the temperature exposure versus
the cycle number of the temperature exposure.
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After recovery for 24 hours at 22 + 1 °C, the wavelength of the diffracted light shifted to
the shorter wavelengths for up to 5 nm. The possible explanation can be potential
inability of the matrix to recover to the original volume and/or inability of matrix to
expel the water at this temperature. This leads to decreased spatial period of the grating
and refractive index, according to Equation (2.3), the wavelength of the diffracted light

shifts to shorter wavelengths.

8.5. Conclusions

The temperature response of volume phase slanted transmission and reflection gratings
recorded in the novel NIPA-based photopolymer was investigated in the temperature
range from 18 to 60 °C. The diffraction efficiency of slanted transmission gratings was
found to be temperature dependent. When temperature changed from 20 to 30 °C, the
diffraction efficiency increased up to two times. In the temperature range from 30 to
47 °C, the decrease of the diffraction efficiency was observed. Behaviour of the
diffraction efficiency versus temperature was explained by the hydrophilic/hydrophobic
state of PNIPA molecules mainly contained in the bright fringe areas. Temperature
induced changes in the diffraction efficiency was explained by alterations of both the
thickness of the grating and the refractive index modulation due to water
absorption/desorption. It was found that in slanted transmission gratings temperature
exposure induced a Bragg angle shift along with changes in the diffraction efficiency.
When temperature increased from 20 to 30 °C, a Bragg angle shift up to 3 degrees was
observed.

The temperature response of reflection gratings recorded in the novel NIPA-
based photopolymer was investigated by monitoring the peak wavelength of the light

diffracted by a reflection grating in the temperature range from 20 to 55 °C. The peak
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wavelength was found to depend on the temperature and the following model of the
temperature response was proposed. Temperature induced behaviour of the wavelength
was governed by the hydrophilic/hydrophobic state of PNIPA molecules mainly
contained in the bright fringe areas. The wavelength shift under temperature exposure
was determined by the refractive index change and the fringe spacing alteration due to
water absorption/desorption induced by conformational changes of PNIPA molecules at
a critical temperature. Depending on the contribution of the refractive index change and
the fringe spacing alteration, the wavelength shift to either longer or shorter
wavelengths was observed. The contribution of these two parameters was found to
depend on the relative humidity. At the relative humidity of 30 %, the wavelength shift
up to 18 nm to shorter wavelengths was detected when the temperature increased from
30 to 55 °C. At the relative humidity of 50 %, the wavelength initially shifted up to
20 nm to longer wavelengths as the temperature increased then shifted 65 nm to shorter
wavelengths when the temperature changed from 20 to 30 °C and from 40 to 55 °C,
respectively.

The temperature-switchable swelling/shrinkage property of the novel NIPA-
based photopolymer can be utilised for the development of holographic temperature
sensors, temperature switchable actuators, temperature visual indicators and holographic
optical elements with temperature controlled direction of the diffracted light and
diffraction efficiency. The main drawback of the NIPA-based photopolymer is that
temperature sensitivity of gratings recorded in the NIPA-based photopolymer depends

on the relative humidity level.
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9. DEVELOPMENT OF RELATIVE HUMIDITY OPTICAL SENSOR BASED

ON AZTEC GRATING

9.1. Introduction

This chapter describes the development of an alternative optical sensor responsive to
changes in relative humidity. The approach is based on functionalisation of pre-recorded
photonic nanostructure by coating it with analyte-sensitive layer. The optical sensor
includes an embossed honeycomb pyramidal grating as a substrate (the basis for a
sensor) and a coating thin polymer film as a sensing medium. The aim of using
embossed honeycomb pyramidal grating is to provide the optical signal. The coating
layer is utilised to functionalise the photonic nanostructure and introduce humidity
response.

The embossed honeycomb pyramidal grating presents a surface-relief volume
diffractive structure which comprises a hexagonal array of circular hollow nanostepped
pyramids (Figure 9.1a). The diffractive structure was developed by J. Cowan [1-5]. It is
called Aztec surface structure due to its profile (Figure 9.1b) which resembles Aztec
temple pyramid and also because the name “Aztec” is an acronym for diazo photoresist
technology used for the development of the structure. Further details on the design of
the Aztec surface structure are presented in section 9.2.

The Aztec structure, or the Aztec grating, has properties of both a surface relief
structure and a volume reflection grating. Upon illumination with broad band light, the
Aztec structure diffracts multiple orders, as shown in Figure 9.2, which have the

diffractive rainbow spectrum associated with the surface relief structure.
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Figure 9.1. a) SEM image of the Aztec structure [6]. b) Theoretical profile of the Aztec
grating: A is the spatial period of the surface profile structure and # is the step height of the
nanostepped structure.

Also, due to the diffraction from the nanostepped structure the single order of the
narrow-band light is observed (Figure 9.2). The wavelength of the light diffracted from
the nanostepped structure (A) is governed by the step height (), playing the role of the
spatial period of the reflection grating, and can be determined by the Bragg equation
(Equation (2.3)) which in this case can be rewritten as follows:
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A =2nhsin @', 9.1)

where n is the refractive index of the flexible substrate and €’ is the Bragg angle.

Hexagonal
diffraction from
the surface
profile structure

White light
illumination

-

Diffraction from
the nanostepped
reflection
structure

Figure 9.2. Diffraction produced by the Aztec grating under white light illumination in a
hemisphere screen. Diffractive rainbow spectrum is associated with the surface profile structure
and the narrow-band light is due to the 180 nm stepped reflective structure.

Aztec gratings with various step height of the nanostepped structure can be
developed providing the following advantages [7]. Peak wavelength associated with a
volume reflection grating shifts to longer wavelengths with increasing the step height of
the nanostepped structure (Equation 9.1). This allows tuning the colour of the reflection
hologram by changing the step height. The spectral bandwidth of the Bragg peak
depends on the number of steps of the nanostepped structure and it is approximately
equal to the reciprocal of the step number. The spectral bandwidth increases with
decreasing number of steps of the nanostepped structure. This enables using the Aztec

grating as an optical filter with customised bandwidth.
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Also, it has been demonstrated that the Aztec structures can be utilised for the
development of security labels [6, 8]. The security labels based on the Aztec structures
provide multilevel authentication of a product. Firstly, the security labels can be verified
by colour-selective diffraction. Secondly, the security labels can be checked by
honeycomb patterns produced in the far-field projection under illumination with a laser
light. Moreover, sophisticated profiles such as Aztec pyramids are in great demand from
a security standpoint because manufacturing of the Aztec profile is complex which
makes it extremely difficult to replicate.

Another possible application of the Aztec structures is optical sensors that can be
used to identify the presence of any semi-transparent material [1, 3]. The sensing
mechanism is based on the wavelength shift caused by changes in the refractive index of
the material surrounding the structure. The proposed optical sensor is different from
holographic sensors based on volume reflection gratings. As discussed in Chapter 2,
section 2.3, the response of holographic sensors based on volume reflection gratings is
mainly induced by changes of both the fringe spacing and the refractive index. It has
been shown in Chapter 8, section 8.4.1 that these two effects can lead to a wavelength
shift in opposite direction and this can decrease the sensitivity of the device. In the
optical sensor based on the Aztec grating the step height, playing the role of fringe
spacing, is fixed and does not experience any alterations in the presence of the analyte.
Thus, the response of the optical sensor based on the Aztec grating is solely attributed to
the change of the refractive index of the coating layer. The relationship between the
peak wavelength of the light diffracted by the Aztec structure and the refractive index of
the coating layer is determined by Equation (9.1) where 7 is the refractive index of the

material surrounding the structure.
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Recently, the example of the optical sensor based on the Aztec structure was
reported [8]. A colorimetric refractive index sensor capable of quantifying the
concentration of an analyte was developed. Glycerol was used as a model analyte.
When the concentration of glycerol in the surrounding medium of the Aztec structure
was changed from 0 to 100 % with 20 % step, the peak wavelength shifted from 495 to
535 nm. The colour change due to the wavelength shift was visible to the eye providing
a colorimetric response of the sensor. Taking into account observed wavelength shift, a
change in the refractive index of the coating layer from 1.346 to 1.472 was estimated
using Equation 9.1.

The aim of the present research was the development of the optical humidity
sensor based on embossed honeycomb pyramidal grating coated with a thin polymer
layer. The main challenge was to identify a composition of the coating layer which was
capable to provide sensitivity to humidity with reversible response in the relative

humidity range from 20 to 95 %.

9.2. Experimental

9.2.1. Design of the Aztec structure
Aztec surface structures used in the present research were provided by
Dr. A. K. Yetisen from Harvard Medical School and the Wellman Centre for
Photomedicine, Massachusetts General Hospital, Cambridge, USA.

Aztec surface structures are fabricated by a multi-beam holographic lithography
followed by printing on a poly(ethylene terephthalate) film wusing roll-to-roll
manufacturing [3-5]. During the first step the master is produced in a positive

photoresist layer (diazonaphthoquinone) with a thickness of 1.2 um. The photoresist is
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known as a material which is capable of creating a surface profile with depth
proportional to the intensity of interference patterns after development.

Two separate exposures are used to create nanostepped pyramidal pattern in a
thick layer of the photoresist. Firstly, multilayer pattern is created by exposing a
photoresist to holographic interference pattern produced by a reference and an object

beam which enter the recording medium from opposite sides (Figure 9.3a).
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Figure 9.3. Holographic recording and printing of circular nanostepped pyramids in honeycomb
arrays. (a) Prism coupling to expose a multilayer interference in a photoresist layer coated over
glass; (b) Laser writing of a honeycomb pattern using three azimuthal beams (a0 = 120°) to
create a pitch (w) of 3.3 um; (c) Resulting interference, a superposition of the multilayer and the
honeycomb pattern, shown in purple; (d) Circular nanostepped pyramids after etching with a
photographic developer; (e) Evaporation of a silver layer (~300 nm) over the etched photoresist
in vacuum; (f) Electroplating metallic nickel (1 mm) over the deposited silver layer to produce a
master; (g) Printing the nanostepped pyramids using a nickel replica into acrylate polymer on
PET film in roll-to-roll nanoimprinting. The inset shows eight different printed gratings, scale
bar =4 cm. (h) The vertical lattice step height of the multilayer as a function of incident angle
(0) in prism coupling. (i) Simulated honeycomb field intensity using three azimuthal beams
(o= 120°) in the photoresist. Scale bar = 1 um. (j) The modelled nanostepped concavities
computed by superposing the multilayer and the honeycomb exposures. Figure from
reference [8].
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Thus, a set of fringes parallel to the photoresist surface is produced. The fringe spacing
can be tuned from 160 to 200 nm by increasing the incident angle (&) of the recording
beam from 30° to 44°. Secondly, hexagonally packed cylindrical interference fringes are
obtained by the interference of three beams with azimuthal angles 120° apart
(Figure 9.3b). The resulting pattern is a hexagonal array of circular hollow nanostepped
pyramids (Figure 9.3c). The photographic development of the photoresist allows
converting the resulting pattern into the surface relief stepped profile (Figure 9.3d). The
second step of producing embossed holograms includes coating of the photoresist with a
silver layer (300 nm thick) to make a conductive layer (Figure 9.3e). Then, the inverse
nickel master (14 x 14 cm? and thickness 1 um) is produced by electroplating of nickel
metal over a hexagonal array of circular hollow nanostepped pyramids. After producing
the inverse master, nanoimprinting of stepped pyramids onto a poly(ethylene
terephthalate) film with 50 wm thickness is done using a roller type replication machine
(Figure 9.3f). In order to improve the diffraction efficiency, the structure is coated with
a thin (20 nm) aluminium layer. The resultant diffractive structure or the Aztec grating
has properties of both a volume reflection grating and a surface relief structure. Upon
illumination with broad band light, the Aztec structure produces the diffractive rainbow
spectrum associated with the surface relief structure and the narrow-band light due to
the nanostepped structure.

The approach used to design the Aztec structure provides an advantage over
other fabrication techniques. The strategy to print Aztec structures on flexible polymer
substrates in roll-to-roll manufacturing guarantees printing of uniform, defect-free

photonic devices over 1 m? areas within a minute [1, 3, 8].
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9.2.2. Development of the optical sensor
The optical sensor was created by coating embossed honeycomb pyramidal gratings
with a thin polymer film. Embossed honeycomb pyramidal gratings with a step height
of 175 nm were used as the base of the sensor to provide the optical signal. To create
the sensitivity to relative humidity, the embossed honeycomb pyramidal grating was
functionalised by spin coating with a thin polymer film.

Coating layers containing polyvinyl alcohol and glycerol were used as these
materials were known to be hydrophilic [9, 10]. Coating polymer film solution was
prepared by mixing 10 % w/v polyvinyl alcohol stock solution and glycerol using a
magnetic stirrer for 30 min. Preparation of 10 % w/v polyvinyl alcohol stock solution
was described in Chapter 3, section 3.3.1. Glycerol was brought from Fisher Scientific
and was used as received. Three chemical compositions of the coating polymer film
containing polyvinyl alcohol and glycerol with the ratio 1:0, 1:1 and 2:3 wt % were
utilised. Different chemical compositions of the coating polymer film were used in order
to investigate the possibility to tune the operation range of the optical sensor and its
sensitivity by changing the chemical composition of the coating polymer film. 0.15 ml
of the coating solution was spin coated onto the Aztec structure at spin rate 500 rpm for
15 sec using a spin coating system (Speciality Coating Systems, model G3P-8). After
spin coating the samples were dried at 7= 21 + 2 °C and RH = 35 + 5 % for 3 hours.

Figure 9.4 shows the photograph of the uncoated Aztec structure and the Aztec
structure coated with the polymer film containing polyvinyl alcohol/glycerol (2:3).
Under illumination with diffused white light, the uncoated Aztec grating produces both
multicolour diffraction due to the surface structure with a spatial period of 3.3 um and

narrow-band diffraction due to the reflection structure with the spatial period of 175 nm.
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The intensity of the light diffracted from the surface structure dominates the intensity

diffracted by the nanostepped structure in the uncoated area.

Aztec structure
oated with
polymer film

uncoated
Aztec
structure

Figure 9.4. The photograph of the uncoated and coated Aztec structure with 175 nm step height
under diffused light illumination.
When the Aztec structure is coated, a coating thin polymer film (n=1.5)[10, 11]
displaces the air and the surrounding refractive index is close to the refractive index of
the poly(ethylene terephthalate) substrate (n = 1.57) [12]. Thus, the diffractive rainbow
spectrum associated with a surface structure is suppressed and the diffraction from the
coated Aztec structure is mainly determined by the nanostepped structure. The
wavelength of the diffracted light is governed by the step height of the nanostepped
structure (Equation 9.1) and it is estimated to be 520 nm for the structure with a 175 nm

step.

9.2.3. Humidity response testing
The humidity response of the optical sensor was investigated by monitoring the peak
wavelength of the light diffracted from the nanostepped structure at the relative

humidity in the range from 8 to 97 % and at constant temperature 22 = 1°C. A
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controlled environment chamber with humidity and temperature control system
described in Chapter 3, section 3.3.4 was utilised to obtain different levels of relative
humidity and maintain a constant temperature. The temperature of 22 + 1°C was
defined as the highest temperature at which the relative humidity of 97 % can be
achieved. The set up presented in Figure 8.2 was used to monitor the spectral response
of the sample at different levels of relative humidity. Humidity exposure for 15 min was

found to allow reaching the saturation of the wavelength shift (Figure 9.5).
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Figure 9.5. Wavelength shift of the light diffracted by the Aztec structure coated with a
polymer film containing polyvinyl alcohol and glycerol with the ratio 1:1 (a) and 2:3 wt % (b)
versus exposure time to different levels of relative humidity.
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9.3. Humidity sensitivity of the optical sensor
The humidity response of the optical sensor was determined by obtaining the correlation
between the peak wavelength of the light diffracted from the nanostepped structure and
the relative humidity level. The peak wavelength of the diffracted light from the optical
sensor at the relative humidity ranging from 8 to 97 % is shown in Figure 9.6. Polymer
films containing polyvinyl alcohol and glycerol with the ratio 1:0, 1:1 and 2:3 wt %
were utilised as a coating. As can be seen from Figure 9.6, at the start of the experiment
(at the relative humidity of 8 %) the peak wavelength of the optical sensor system
depends on the coating layer composition. The addition of glycerol (n = 1.47) to
polyvinyl alcohol layer (n = 1.5) leads to the shift to shorter wavelengths due to the
decrease of the average refractive index of the coating layer. With increasing
concentration of glycerol the bigger shift is observed due to bigger decrease of the

average refractive index.
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Figure 9.6. Humidity dependence of the peak wavelength of the light diffracted by the Aztec
structure coated with a polymer film containing polyvinyl alcohol and glycerol with the ratio

1:0 (m), 1:1 (#) and 2:3 wt % (1).
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It is clearly seen (Figure 9.6) that the humidity sensitivity of the optical sensor
depends on the concentration of glycerol in the coating layer. The probable explanation
is as follows. The addition of glycerol which is a viscous liquid increases the capacity of
the coating layer to absorb water by decreasing its density. This leads to the increase of
the humidity sensitivity of the device.

The humidity response of the devices utilizing the coating layer containing
polyvinyl alcohol and glycerol with ratio 1:0, 1:1 and 2:3 wt % was observed at the
relative humidity above 85 %, 60 % and 35 %, respectively. The device coated with
pure polyvinyl (alcohol/glycerol ratio 1:0) showed the wavelength shift of 26 nm in the
relative humidity range from 80 to 97 %. The sensitivity of the devices was calculated
to be 1.5nm/%RH. The wavelength shift of 40 nm induced by humidity change from 60
to 97 % was detected for the optical sensor coated with polyvinyl alcohol/glycerol (1:1).
The sensitivity of the device was 1nm/%RH. The device coated with polyvinyl
alcohol/glycerol (2:3) had sensitivity of 0.66nm/%RH and showed the wavelength shift
of 41 nm when the relative humidity changed from 35 to 97 %. Thus, optical sensors
with tunable sensitivity to humidity and operation range could be developed by altering
the chemical composition of the coating layer. The addition of glycerol allows varying
the density of the coating film and its capacity to absorb water.

The sensing mechanism of the optical sensor is based on the wavelength shift of
the light diffracted from the nanostepped structure due to changes in the refractive index
of the coating layer caused by its density alteration due to water absorption under
exposure to humidity. Detected wavelength shifts (26, 40 and 41 nm) under humidity
exposure are visible to the eye and this feature makes possible application of the Aztec

structure coated with a polymer film as a visual indicator of the environmental
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humidity. Following section presents data on reversibility and repeatability of the

observed wavelength shift under humidity exposure.

9.4. Reversibility and repeatability of the humidity response of the

optical sensor
To carry out a preliminary investigation of the reversibility and repeatability of the
wavelength shift induced by humidity exposure (Figure 9.6), the optical sensor was
exposed to a few cycles of the relative humidity change in the range from 20 to 97 %.
The repeatability and the reversibility of the changes in devices coated with polyvinyl
alcohol/glycerol with the ratio 1:0 and 1:1 was confirmed after exposure to the relative
humidity of 97 % (Figure 9.7).

It was observed that the layer with the composition of polyvinyl alcohol
/glycerol (2:3) became unstable after exposure to the relative humidity above 90 % and
it was more suitable for operation at lower relative humidity. To investigate the
reversibility of the humidity induced wavelength shift, the device coated with polyvinyl
alcohol /glycerol (2:3) was exposed to the relative humidity of 70, 80 and 90 % for
90 min. Exposure time of 90 min was used in order to investigate if the long exposure
time could produce any irreversible changes. Wavelength measurements were taken
before exposure to humidity, during exposure and 24 hours after exposure to humidity
when the sample was recovered at the relative humidity of 40 + 3 % and temperature
22 + 0.5 °C. Measurements before and after exposure to humidity were carried out at the
relative humidity of 40 + 3 % and temperature 22 + 0.5 °C. Experimental data are
presented in Figure 9.8. As can be seen from Figure 9.8, exposure to the relative
humidity of 70, 80 and 90 % induced fully reversible wavelength shift. The wavelength

shift of 17, 24 and 31 nm was observed during exposure to the relative humidity of 70,
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80 and 90 %, respectively. The experimental results presented in section 9.4 and 9.5

were summarised in Table 9.1.
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Figure 9.7. Multiple cycles of exposure to humidity of the optical sensor with respect to the
repeatability and the reversibility of the sensor response. Devices coated with polyvinyl
alcohol/glycerol with the ratio 1:0 (a) and 1:1 wt % (b).
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Figure 9.8. Wavelength of the light diffracted by the optical sensor coated with polyvinyl
alcohol/glycerol with the ratio 2:3 wt % measured before ( 4), during (¢ ) and 24 hours after (L)
exposure to humidity.

Table 9.1. Characteristics of the optical sensors containing coating polymer film with different
chemical composition

Coating polymer Operation range/ | Wavelength shift Reversibility
film relative humidity | caused by humidity | after humidity
range, % exposure, nm exposure
polyvinyl alcohol 80-97 26 Yes
polyvinyl alcohol/ 60 - 97 40 Yes
glycerol (1:1 wt %)
polyvinyl alcohol/ 35-90 33 Yes
glycerol (2:3 wt %)

9.5. Application of the Aztec structure for refractive index monitoring
The optical sensor based on the Aztec structure coated with an analyte-sensitive layer is
potentially a very versatile sensor. It will work with any compatible layer that changes
the refractive index in response to a stimulus. Selectivity to analytes will vary according
to the layers used. The key factor for suitability of a certain coating material is the
magnitude of the refractive index change caused by exposure to an analyte which
should lead to a detectable wavelength shift of the diffracted light.

This section presents experimental results on the application of the Aztec
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structure for the refractive index sensing. The aim of the present research was
evaluation of the contribution of the refractive index change induced by temperature
exposure to the diffraction efficiency alteration/wavelength shift observed in
transmission/reflection gratings recorded in the NIPA-based photopolymer composition.
This provides better understanding of the temperature response of the gratings recorded
in the NIPA-based photopolymer described in Chapter 8, section 8.3.1 and 8.4.1.

As discussed in Chapter 2, section 2.3, exposure to an analyte causes changes in
holographic diffraction grating parameters such as thickness, spatial period, Bragg angle
and refractive index modulation. The contribution of every parameter depends on the
holographic recording material and in general it is difficult to separately evaluate the
effect of every parameter. The Aztec structure provides a benefit as it has a fixed spatial
period of the reflection structure. This allows exclusion of the effect of the
thickness/spatial period change and investigation of the contribution of the refractive
index change at a fixed position of the probing beam.

In order to evaluate the effect of the refractive index alteration in the NIPA-
based photopolymer layer induced by temperature (discussed in Chapter 8, section 8.3.1
and 8.4.1), the following experiment was carried out. The Aztec structure with the step
height of 180 nm was spin coated with the NIPA-based photopolymer solution for
recording in reflection mode presented in Table 6.3. After drying, the sample was
exposed to uniform beam of light with the wavelength of 532 nm obtained from a
Nd:YVOy, laser in order to polymerise NIPA-monomers. After exposure the coating
layer had a uniform distribution of PNIPA molecules in the volume. The total exposure
was 500 mJ/cm?. The wavelength of the light diffracted from the coated Aztec structure
was monitored at a constant position of the probing beam in the temperature range from

20 to 56 °C and at constant relative humidity of 60 %.
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The temperature dependence of the wavelength in the temperature range from 20

to 56 °C is presented in Figure 9.9.
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Figure 9.9. Wavelength of the light diffracted by the Aztec structure coated with the NIPA-
based photopolymer versus temperature.

As can be seen, at temperatures up to 36 °C no wavelength shift is observed.
Unchanged wavelength can be explained by unchanged refractive index of the coating
layer which contains PNIPA molecules. With increasing temperature the concentration
of water vapour at a certain relative humidity level increases. As the refractive index is
unchanged in Figure 9.9, increased concentration of water vapour in the environment
has no impact on the refractive index of the PNIPA-containing coating layer. Thus, it
can be assumed that at temperatures up to 36 °C the bright fringe areas of the gratings
discussed in Chapter 8, sections 8.3.1 and 8.4.1 do not absorb water vapour from the
environment.

Based on the discussion presented above, the increase of the diffraction

efficiency of the transmission grating up to two times at temperatures below 30 °C
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(Figure 8.3) can be explained by water absorption in dark fringes. This leads to both the
increase of the refractive index modulation and the thickness of the grating providing
the increase of the diffraction efficiency.

As discussed in Chapter 8, section 8.4.1, the temperature induced wavelength
shift of the light diffracted by the reflection grating recorded in the NIPA-based
photopolymer up to 20 nm to longer wavelengths was attributed to the dominant effect
of the spatial period increase due to water absorption at temperature below 30 °C and at
50 % relative humidity. Results presented in Figure 9.9, indicate that the refractive
index of bright regions (containing PNIPA) is unchanged under temperature exposure
and the bright fringes do not absorb water. Thus, the spatial period increase of the
reflection grating is mainly induced by water absorption in dark regions. Water
absorption leads to the decrease of the average refractive index of the photopolymer
layer but its effect on the wavelength shift is minor.

As seen from Figure 9.9, above 36 °C the shift up to 9 nm to longer wavelengths
is observed due to increasing refractive index of the coating layer. According to
estimations made by using Equation (2.6), the shift up to 9 nm was caused by the
refractive index increase for 0.023. The increase of the refractive index can be explained
by increasing density of PNIPA molecules induced by transition of PNIPA molecules
from hydrophilic to hydrophobic state. Based on this model, the decrease of the
diffraction efficiency observed in Figure 8.3 at temperatures above 30 °C can be
explained as follows. Temperature exposure induces two effects: 1) the increase of the
refractive index modulation of the transmission grating due to the increase of the
refractive index in bright fringes and 2) the thickness decrease caused by the shrinkage
of the layer due to water desorption in bright regions. These two effects have opposite

impact on the diffraction efficiency. The shrinkage of the layer has higher impact on the
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diffraction efficiency of the transmission grating leading to its decrease.

As discussed in Chapter 8, section 8.4.1, in reflection gratings recorded in the
NIPA-based photopolymer the wavelength shift up to 65 nm to shorter wavelengths
(Figure 8.8) was thought to be mainly induced by the decrease of the spatial period due
to water desorption at temperatures above 40 °C. Experimental data presented in
Figure 9.9 show that temperature-induced refractive index change leads to the
wavelength shift up to 9 nm to longer wavelengths. This confirms that in the reflection
grating recorded in the NIPA-based photopolymer the spatial period decrease of the
grating due to water desorption is the main contributor to observed wavelength shift up

to 65 nm to shorter wavelengths (Figure 8.8).

9.6. Conclusions
A novel optical sensor with response to relative humidity changes has been developed.
The optical sensor includes an embossed honeycomb pyramidal grating (the Aztec
grating) as a substrate and a coating thin polymer film as a sensing medium. For the first
time a solid coating layer was used in order to convert the Aztec grating into a sensor.
The sensing mechanism of the optical sensor is based on the wavelength shift of the
light diffracted from the nanostepped structure due to changes in the refractive index of
the coating layer caused by its density alteration due to water absorption under exposure
to humidity. It was demonstrated that the sensitivity to humidity and operation range of
the optical sensor can be tuned by altering the chemical composition of the coating
layer. Humidity induced wavelength shifts of 26, 40 and 33 nm were detected for the
sensors containing the coating layer with polyvinyl alcohol/glycerol ratio 1:0, 1:1 and
2:3 wt % respectively, when the relative humidity changes from 80 to 97 %, 60 to 97 %

and 35 to 90 %, correspondingly. The sensitivity of the devices was found to be

227



1.5nm/%RH, 1nm/%RH and 0.6nm/%RH. Obtained wavelength shifts are visible to the
eye and this feature makes possible the application of the Aztec structure coated with a
polymer film as a visual indicator of the environmental humidity.

The Aztec structure was implemented for the characterisation of the refractive
index change of the NIPA-based photopolymer induced by temperature exposure.
Utilisation of the Aztec structure allowed excluding the effect of the thickness/spatial
period change and evaluating the contribution of the refractive index change induced by
temperature exposure to the diffraction efficiency alteration/wavelength shift observed
in transmission/reflection gratings recorded in the NIPA-based photopolymer
composition. Obtained results are in good correlation with the proposed model of the
temperature induced changes in the properties of volume phase transmission and

reflection gratings recorded in the NIPA-based photopolymer composition.
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10. CONCLUSIONS AND FUTURE WORK

10.1. The achievements of the PhD research
The main aim of this project was to develop holographic sensors with response to
relative humidity changes and temperature variations. During the development of the
holographic sensors two types of photonic structures was utilised as a base of the
sensor: 1) a volume phase transmission/reflection grating and 2) a surface relief

structure (Figure 10.1).

Holographic sensor

Photonic structure

Volume phase Surface relief
transmission/reflection grating structure
Temperature | | Relative humidity | | Relative humidity

—Te—_

N-isopropylacrylamide/ || Acrylamide/diacetone

acrylamide/diacetone acrylamide based Polyvinyl alcohol/glycerol
acrylamide based photopolymer film

photopolymer

Figure 10.1. Holographic sensors developed in the project.

Photopolymer materials containing polyvinyl alcohol as a binder and different
monomers with sensitivity to temperature/relative humidity were used as an analyte
sensitive material in holographic sensors based on volume phase gratings. A thin
polymer film containing polyvinyl alcohol and glycerol was employed as a humidity

responsive material in the holographic sensor based on the surface relief structure.
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Depending on the essence of the work presented in this thesis it can be divided in two
main groups: 1) development of functionalised materials for holographic recording and
optimisation of the conditions for fabrication of photonic structures to be used as
sensors and 2) characterisation of the sensors in the presence of the analyte. The main

conclusions from this research are as follows.

10.1.1. Development of the novel N-isopropylacrylamide based
photopolymer for temperature sensing

¢ A novel photopolymer composition containing N-isopropylacrylamide as the main
monomer for holographic recording in transmission and reflection modes was
developed. The novel photopolymer is sensitive to temperature and has lower
toxicity than acrylamide-based photopolymer.

e [t was shown that the N-isopropylacrylamide based photopolymer developed
performs well as a holographic recording medium and is capable of recording in
both transmission and reflection modes. The diffraction efficiency of 80 % was
reached in unslanted transmission gratings recorded in 60 + 5 um thick layers at a
spatial frequency of 1000 lines/mm after exposure to the total recording intensity
of 2 mW/cm?® for 160 sec. The diffraction efficiency of 20 % was obtained in
reflection gratings recorded in 60 + 5 pum thick layers at a spatial frequency of
2700 lines/mm after exposure to the total recording intensity of 10.5 mW/cm? for
100 sec. The shelf life of gratings recorded in both reflection and transmission
mode was improved by UV-curing for 99 sec and 1800 sec, respectively, with the

total exposing intensity of 60 and 2.5 mW/cm?, correspondingly.
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¢ [t was demonstrated that temperature induced changes of grating properties were
governed by the hydrophilic/hydrophobic state of PNIPA molecules mainly

contained in the bright fringe areas.

10.1.2. Mechanism of obtaining refractive index modulation in the

photopolymer composition containing acrylamide as the main monomer and

N-phenylglycine as a photoinitiator

e Based on the influence of UV-postexposure and exposure to the relative humidity

of 90 % on the diffraction efficiency of gratings recorded in the acrylamide-based
photopolymer containing N-phenylglycine as a photoinitiator the following model
for the refractive index modulation was proposed. The photopolymer composition
records in regime of slow monomer diffusion, the main contributor to the
refractive index modulation is the change in molar refraction, and the refractive
index modulation has its maximum in the dark regions. This will make an
important contribution to the models of the recording mechanism in photopolymer
formulations, by allowing us to study a version where diffusion is suppressed. It’s
also a robust, highly scratch-resistant and moisture-resistant photopolymer which

may find application in diffractive optical devices.

10.1.3. Novel holographic humidity sensors based on transmission gratings
10.1.3.1. Holographic sensor with reversible/irreversible response to 80 and
90 % relative humidity
e For the first time it was demonstrated that volume phase unslanted transmission
gratings recorded in the acrylamide-based photopolymer containing

triethanolamine as a photoiniator are suitable for the development of reversible
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and irreversible holographic humidity sensors with the operation range from 80 to
90 % and above 80 % relative humidity, respectively.

Reversibility of the sensor was found to depend on the temperature. Full
reversibility of humidity induced changes was confirmed for temperatures lower
than 16 °C. Reversibility of the sensor response was attributed to the capacity of
the photopolymer layer to recover its original dimensions fully when returned to
the original conditions. Above 16 °C and at 80 and 90 % relative humidity, the
layer was found to stretch beyond its capacity to recover and collapse to a lower
thickness leading to the irreversible decrease of the diffraction efficiency (up to
60 %) and the Bragg angle shift (up to 1°).The magnitude of the irreversible
change was found to be highly dependent on humidity level, temperature during

the humidity exposure and on humidity exposure time.

10.1.3.2. Holographic humidity sensors with tuneable operation range and
sensitivity
It was demonstrated that the response of the photopolymer-based gratings to
humidity can be tuned by changing the photopolymer composition. Reduced
humidity sensitivity was achieved by substituting the photoinitiator, i.e
triethanolamine was replaced with N-phenylglycine.
Diffraction efficiency of volume phase unslanted transmission gratings recorded
in the acrylamide-based photopolymer containing N-phenylglycine as a
photoinitiator was found to be constant at the relative humidity below 70 % and it
decreased up to two times above 70 % relative humidity. It was shown that the
decrease of the diffraction efficiency induced by exposure to high humidity (80

and 90 %) for 30 min was fully reversible. The low humidity sensitivity of the
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acrylamide-based photopolymer containing N-phenylglycine as a photoinitiator is
encouraging for applications where non-sensitive to humidity material is required.

e [t was demonstrated that increased sensitivity to humidity of the holographic
humidity sensor can be achieved by utilisation of the photopolymer composition
containing diacetone acrylamide as the main monomer and triethanolamine as a
photoinitiator.

¢ Humidity induced increase of the diffraction efficiency of slanted transmission
gratings from 6 to 84 % was observed in the relative humidity range from 20 to
90 %. Reversibility of the observed changes was confirmed at the relative
humidity below 60 %. Irreversible decrease of the diffraction efficiency up to
60 % was observed after exposure to the relative humidity above 60 %.

® Characteristics of humidity sensors based on transmission gratings recorded in

photopolymers are presented in Table 10.1.

Table 10.1. Characteristics of holographic humidity sensors based on transmission gratings
recorded in photopolymers

Sensor type | Photopolymer composition | Operation Sensitivity,
(monomer/initiator) range: (An/m/ % RH
Relative
humidity, %
Reversible | Acrylamide/ 70-90 -0.025
humidity N-phenylglycine
sensor Diacetone acrylamide/ 20 - 60 0.054
triethanolamine
Irreversible | Acrylamide/ 80 -90 n/a
humidity triethanolamine (T>16°C)
sensor Diacetone acrylamide/ 60 - 90 n/a
triethanolamine
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10.1.3.3. Modelling of the response of holographic humidity sensors
e Modelling of the humidity response of sensors based on transmission gratings
recorded in the diacetone acrylamide based photopolymer was done. It was found
that the main contributors to the humidity induced diffraction efficiency alteration
are thickness and refractive index modulation changes. An increase of the grating
thickness under humidity exposure was explained by the photopolymer layer
swelling due to water absorption. The refractive index modulation increase under
humidity exposure was attributed to the different ability of dark and bright regions

to absorb water molecules due to its different porosity.

10.1.4. Novel holographic temperature sensors
10.1.4.1. Reversible holographic temperature sensors based on slanted
transmission gratings with tuneable operation range and sensitivity
¢ [t was demonstrated that photopolymers can be used as a temperature sensitive
material for the development of holographic temperature sensors based on slanted
transmission gratings. Variation of the photopolymer components such as the
main monomer (acrylamide/diacetone acrylamide/N-isopropylacrylamie) and a
photoinitiator (treithanolamine/N-phenylglycine) allows tuning the sensitivity and
operation range of the sensor. Temperature-induced changes were found to be
reversible.
e Characteristics of holographic temperature sensors based on slanted transmission

gratings recorded in photopolymers are presented in Table 10.2.
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Table 10.2. Characteristics of holographic temperature sensors based
on transmission gratings

Photopolymer Operation range: Sensitivity
compositior.l B Temperature, °C Diffraction Bragg angle
(monomer/initiator) efficiency, shift,
(Ar/m)l °C degree/ °C

Acrylamide/ 30-40 (30 % RH) no response 0.03
N-phenylglycine 40 -50 (30 % RH) 0.021 no response
Acrylamide/ 20-50 (30 % RH) no response 0.05
triethanolamine
Diacetone acrylamide/ 20 - 60 (30 % RH) -0.017 0.05
triethanolamine
N-isopropylacrylamide/ 18 - 29 (60 % RH) 0.1 n/a
N-phenylglycine 30-47 (60 % RH) -0.026 n/a

20-45 (35 % RH) n/a 0.1

10.1.4.2. Reversible holographic temperature sensors based on reflection

gratings

¢ For the first time a holographic temperature sensor based on the reflection grating

with a spatial frequency of 2700 lines/mm recorded in the novel
N—isopropylacrylamide based photopolymer composition was developed. The
wavelength shift up to 20 nm to longer wavelengths and up to 65 nm to shorter
wavelengths was noticed when the temperature changed from 20 to 30 °C and
from 40 to 55 °C, respectively. Characteristics of the sensor are presented in

Table 10.3.

Table 10.3. Characteristics of the holographic temperature sensor based on the reflection

grating recorded in the novel N-isopropylacrylamide based photopolymer

Sensitivity:
Wavelength shift, nm/°C

Operation range:
Temperature, °C

20-30 2
30-40 0
40 - 55 4.3
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It was shown that Denisyuk holograms recorded in the novel
N—isopropylacrylamide based photopolymer are suited to the application as
temperature visual indicators that visibly change the colour under temperature

exposure.

10.1.4.3. Modelling of the response of temperature sensors utilizing novel

N-isopropylacrylamide based photopolymer
In temperature sensors based on transmission gratings, the increase of the
diffraction efficiency observed at temperatures below 30 °C was found to be
caused by water absorption in dark fringes. This led to both the increase of the
refractive index modulation and the thickness of the grating providing the
increase of the diffraction efficiency. At temperatures above 30 °C the
diffraction efficiency decrease was induced by the dominant effect of the
thickness decrease caused by the shrinkage of the layer due to water desorption
in bright fringes.
In temperature sensors based on reflection gratings, the wavelength shift to
longer wavelengths at temperatures below 30 °C and at the relative humidity of
50 % was established to be based on the spatial period increase mainly induced
by water absorption in dark fringes. At temperatures above 40 °C, the
wavelength shift up to 65 nm to shorter wavelengths was found to be mainly
induced by the decrease of the spatial period due to water desorption at

temperatures above 40 °C.
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10.1.5. Surface photonic structures with response to relative humidity

A novel holographic sensor based on the surface photonic structure with
response to relative humidity changes was developed. The holographic sensor
includes an embossed honeycomb pyramidal grating as a substrate and a coating
thin polymer film as a sensing medium.

It was demonstrated that the sensitivity to humidity and operation range of the
sensor can be tuned by altering the chemical composition of the coating layer.
Humidity induced wavelength shifts of 26, 40 and 33 nm were detected for the
sensor containing the coating layer with polyvinyl alcohol/glycerol ratio 1:0, 1:1
and 2:3 wt %, respectively, when the relative humidity changed from 80 to
97 %, 60 to 97 % and 35 to 90 %, correspondingly. The sensitivity of the
devices was calculated to be 1.5nm/%RH, 1nm/%RH and 0.6nm/%RH.
Obtained wavelength shifts are visible to the eye and this feature makes possible
the application of the embossed honeycomb pyramidal grating coated with a

polymer film as a visual indicator of the environmental humidity.

Key contributions:

. Successful development of a range of new temperature sensitive volume

holograms.
Successful development of a range of new humidity sensitive volume

holograms.

. Development of a prototype holographic colour-change indicator using Aztec

structures.
Optimisation of a new moisture-resistant photopolymer formulation which is

characterised by slow diffusion and is very robust.
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10.2. Future plan

Following the preliminary research carried out in this project, future work would be

beneficial in a number of areas.

Further investigation of the irreversible changes in properties of the NIPA-based
grating induced by elevated temperature should be carried out. This knowledge
can assist in the development of an irreversible temperature sensor/indicator
which has a great demand for monitoring temperature conditions during storage
or transportation of goods.

Capability to substitute N,N -methylenebisacrylamide in the NIPA-based
photopolymer with other crosslinking monomers should be investigated. It was
shown [1] that copolymerisation of NIPA with other appropriate monomers
enable altering the lower critical solution temperature of NIPA. This can be used
for the development of temperature sensors with customised operation range.
Also, swelling/shrinking capability of PNIPA depends on the crosslinking
monomer utilised [2]. It is interesting to check the possibility to increase the
temperature sensitivity of the transmission and reflection gratings recorded in
the NIPA-based photopolymer by altering the crosslinking monomer and its
concentration.

A holographic temperature sensor based on a humidity-resistant photopolymer
grating should be developed. Utilisation of the humidity resistant photopolymer
as a matrix of the sensor can help to avoid unwanted sensitivity to humidity
inherent to most of photopolymers. This may allow developing a holographic
temperature sensor with enhanced selectivity. Proposed approach is based on

functionalisation ~of the acrylamide-based photopolymer containing
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N—phenylglycine as a photoinitiator by incorporation of nanoparticles with
response to temperature. Different types of nanoparticles, such as zeolite
nanocrystals, dendrimers or other nanoparticles should be tried. Effect of
incorporated nanoparticles on the temperature response of holographic gratings
recorded in doped photopolymer layers should be investigated. In order to find
out the material with high sensitivity to temperature, the quantitative analysis of
the temperature response of holographic gratings recorded in photopolymer
layers containing different types of nanoparticles with different concentrations
have to be done. Holographic recording ability of the doped photopolymer in
transmission and reflection mode should be characterized in order to achieve the

best performance of the material.
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