Construction of an array of photonic crystal films for
visual differentiation of water/ethanol mixtures
by
Mohammad Heshmat
B.Sc., University of Tehran, 2016

Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
in the
Department of Chemistry
Faculty of Science

© Mohammad Heshmat 2019
SIMON FRASER UNIVERSITY
Spring 2019

Copyright in this work rests with the author. Please ensure that any reproduction
or re-use is done in accordance with the relevant national copyright legislation.

Approval
Name:

Mohammad Heshmat

Degree:

Master of Science

Title:

Construction of an array of photonic crystal films
for visual differentiation of water/ethanol mixtures

Examining Committee:

Chair:

Michael Eikerling
Professor

Paul C. H. Li
Senior Supervisor
Professor
Vance E. Williams
Supervisor
Associate Professor
Luis Sojo
Supervisor
Adjunct Professor
Hua-Zhong (Hogan)
Yu Internal Examiner
Professor

Date Defended/Approved:

March 14, 2019

ii

Abstract
A photonic crystals films (PCF) which consists of a porous layered structure with a
highly ordered periodic arrangement of nanopores has been used to differentiate between
various mixtures of water and ethanol (EtOH). Refractive index difference between the
wall (silica) and air which occupies the empty pore results in the structural color of the
PCF. This color disappears when the nanopores are infiltrated by a liquid with a similar
refractive index to silica (or silicon dioxide). The disappearance of the structural color
provides a means to construct a sensor to differentiate various water/EtOH mixtures based
on their wettability of the nanopores in the PCF.
In this study, an array of silica-based PCFs was synthesized on a silicon substrate
with a precise control of nanopore properties using the co-assembly/sedimentation
method. Using this method, we benefitted from having different PCFs on a single
substrate. Chemical coatings, neck angles, and thicknesses on each PCF were the three
factors used to adjust the wettability of the pores. Nanopore wetting by water/EtOH
mixtures was studied in a systematic manner and combinations of the three factors were
used to develop a sensor for differentiation of various water/EtOH mixtures. The final
developed sensor consisting of an array of six PCFs was able to differentiate seven
different water/EtOH mixtures: W10, W20, W30, W40, W50, W60 and W70, in which W10
means 10% of water in EtOH.

Keywords: Photonic crystal film; structural color; nanopores; water/ethanol mixture;
sensor
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Chapter 1.
Introduction
To explain what photonic crystals are and what roles they can have in our lives,
we need to have a better understanding of colors and their production mechanisms.
Basically, color can be produced in different ways. One mechanism of color production is
based on absorption of light. The light traveling toward an object consists of different
wavelengths. Some of these wavelengths are absorbed by the object while remaining are
reflected or transmitted. The color of an object is determined by those wavelengths of light
which are reflected or transmitted. In another mechanism, the color production is
originated from diffraction or interference of light through materials consisting of a periodic
structure.1

1.1. Photonic crystals
Photonic crystals (PC) were introduced by Yablonovitch2 and John3 for the first
time. Yablonovitch showed that there was an electromagnetic band gap in a threedimensional periodic structure in which certain wavelengths are forbidden to pass through.
John showed that a strong localization of photons in some disordered media would occur
within certain ranges of frequencies. These two ideas paved the way for the introduction
of photonic crystals.4,5

1.1.1. Photonic crystals properties
Photonic crystals are periodic nanostructured materials which can control how
photons are absorbed by or reflected from them. These materials can allow certain
wavelengths to be reflected while blocking the remainder. Similar to the electronic band
gap in semiconductors, each photonic crystal has a unique optical band gap. Optical band
gap of a photonic crystal refers to a range of light wavelengths that cannot be reflected
from the crystal. These wavelengths are called the modes and a group of modes is called
the band.4
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1.1.2. Photonic crystals types
Photonic crystals are composed of periodic structures that consist of at least two
different dielectric constants. Dielectric constant (or relative permittivity) of a substance is
the factor by which the electric field between the charges in it is decreased relative to
vacuum.6 According to their dielectric constant configuration, the photonic crystals can be
classified in three different types: 1) One-dimensional (1D) photonic crystals that have
periodic dielectric constant in one direction. These materials can be created by depositing
a layer of high-refractive-index material and a layer of low-refractive-index material
periodically. Bragg mirror (or dielectric mirror) is an example of 1D photonic crystals which
can be used to enhance the efficiency of solar cells.4,1 2) Two-dimensional (2D) photonic
crystals that have periodic dielectric constants in two different directions. 3) Threedimensional (3D) photonic crystals in which dielectric constants are periodically repeated
in three different directions. Fig 1.1 shows the schematic diagrams of different types of
photonic crystals and their dielectric constant configurations.7,8

Figure 1.1.

Schematic representation of dielectric constant configuration in 1D,
2D and 3D photonic crystals.

Photo is Reproduced with permission.8
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1.1.3. Fabrication of three-dimensional photonic crystals
There are generally two approaches for the fabrication of photonic crystals:
1) top-down 2) bottom-up. Top-down methods, such as multibeam holography9 and phase
mask lithograph10, offer high precision and resolution to the final photonic crystal structure.
However, these methods are known to be complicated, tedious and expensive, since they
need complex equipment. On the other hand, by using the bottom-up approach,
researchers have been able to produce high quality photonic crystals in an easier, cheaper
and faster way. In the bottom-up approach, the small building blocks are self-assembled
to produce periodic ordered structures. For this purpose, spherical colloidal beads are
most commonly used as the small building blocks.11

1.2. Colloidal forces and interactions
Colloidal particles have a considerably high ratio of surface area to volume and
their particle diameters range from nanometers to micrometers. Therefore, it is of great
importance to consider interactions between the surfaces of the colloidal particles when
studying their final physical state.12 The colloidal particles which are being used in
fabrication of 3D photonic crystals are usually made of polymers such as polystyrene (PS)
or poly (methyl methacrylate) (PMMA) or they are made of silica. These spherical particles
will be self-assembled if the interparticle forces are sufficiently balanced.11,13 To
understand the mechanism behind this self-assembly, different forces between colloidal
particles should be taken into account.
There are three different types of forces responsible for interactions between these
colloidal particles. First, it is the van der Waals’ attraction force which leads to an ordered
packing of colloidal particles. For spherical colloids the most thermodynamically favored
structure is face-centered cubic (fcc) (Fig. 1.2.) with the crystalline packing density of 74%
volume filling.14 Hexagonal close-packed (hcp) is also a favored structure in some cases.13
Second, it is the repulsion forces that can exist to prevent any particle agglomeration to
occur as a result of van der Waals’ attraction forces. There are different kinds of repulsion
forces like electrostatic repulsions15 in which two species with the same charge drive away
each other in a polar solvent.11 The repulsive force of particles should be in a certain range,
exceeding which may affect the close-packing process of particles. At the same time,
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insufficient repulsive force will lead to particle agglomeration.16 Third, it is the external
forces such as gravity or centrifugal force that will bring particles together.11

Figure 1.2.

3D (left) and top view (right) of a face-centered cubic (FCC) structure
(ABC close-packing structure).

Photo is Reproduced with permission.17

Other than shape, size and charge, other factors such as temperature and
concentration can have effects on the interparticle forces and consequently on the final
colloidal structure.12

1.3. Inverse Opals
3D colloidal photonic crystals can be classified as opals and inverse opals. Opals
consist of silica or polymeric nanospheres that can be produced by assembly of colloidal
particles, followed by a drying step. On the other hand, inverse opals are fabricated when
opals are used as the template to replicate their structures. The fabrication of inverse opals
generally involves three steps: 1) the template material (e.g., polymer latex or silica

spheres) is deposited onto a substrate. Thin colloidal crystal film (PCF) can be produced
using solvent evaporation. 2) the matrix phase is then infiltrated into the preassembled
colloidal template. Matrix can be a liquid, which can infiltrate the interstitial space of the
template by capillary forces. Examples of the matrix can be a sol-gel precursor to a
ceramic material, a precursor of a polymer, a monomer with an initiator, or it can be a
gaseous precursor. 3) the template is then selectively removed which leaves behind a
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nanoporous ordered structure in the matrix. Depending on the type of template, its removal
can be done by calcination (or thermal decomposition) at high temperatures (e.g. above
300°), or chemically by solvent extraction (e.g. using toluene, chloroform or hydrofluoric
acid ), or by air/oxygen plasma treatment.1 Fig. 1.3 schematically shows the different steps
for fabrication of inverse opals. The pore diameters of the obtained inverse opals range
from tens of nanometer to several microns.18
Several advantages have been reported for using polymeric colloidal particles as
the template to fabricate inverse opals. These polymeric templates are low-cost, and their
size, shape and chemical composition are tuneable. Compared to silica templates which
require hydrofluoric acid to be removed, polymeric templates can be easily removed using
calcination at high temperatures or solvent extraction with less hazardous materials.19,20

Figure 1.3.

Different stages during inverse opal fabrication.

Photo is Reproduced with permission.21

Fig. 1.4 represents a unit cell of an infiltrated opal and an inverse opal. Inverse
opal-based photonic crystals offer several advantages over photonic crystals with opaline
structures. Since, inverse opals have a robust continuous framework they benefit from
more mechanical stability compared to opals. Inverse opals also have a better adhesion
to the underneath support.22,23

5

Figure 1.4.

(A) Unit cell of an infiltrated opal, (B) unit cell of an inverse opal.

Photo is Reproduced with permission.21

Depending on the way of depositing the matrix, inverse opal fabrication methods
can be categorized into two main approaches: self-assembly and co-assembly, see Fig.
1.5. In the self-assembly approach, template is first deposited and then matrix is infiltrated
into the preassembled template, see Fig. 1.5 (A). This processes to make colloidal crystal
films have typically resulted in the formation of cracks, colloid vacancies, and several other
defects.
Capillary forces produced in the drying or infiltration step can lead to template
cracking which is a major problem in the films obtained using this self-assembly/infiltration
approach. Excessive and incomplete infiltration will also result in overlayer formation and
structural collapse, respectively. Particle pre-sintering24, changes in evaporative
deposition conditions25 are among the efforts that have been made to inhibit cracking and
to increase the strength of these templates.26

6

Figure 1.5.

Two approaches for the fabrication of inverse opals: (A) selfassembly/infiltration (B) co-assembly.

Photo is Reproduced with permission.26

In the co-assembly approach (Fig. 1.5 (B)), the matrix and template are mixed and
both are deposited onto the substrate simultaneously. Therefore, there is no need to
infiltrate the matrix phase into the preassembled template in a separate step. Crack-free
films have been produced using this method.26

1.4. Assembly methods
Based on the type of building blocks, the nature of external forces and the
application of the resulting structure, different methods can be used to assemble colloidal
particles into ordered arrangements.
Two methods which use centrifugal force to assemble particles are centrifugation
and spin-coating. Centrifugation that is used in a tube has shown to be useful to make
high quality bulk colloidal crystals.27 Spin coating that is used on a surface, however, has
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shown to produce patchy thin films since the force applied varies depending on the
position of the film from the rotation centre.28,11
Another assembly method is vertical deposition in which a substrate is placed
vertically in a colloidal suspension and the liquid meniscus goes lower as the liquid phase
is evaporated gradually. This evaporation induces convective self-assembly of particles
onto the substrate. This is a slow process as it takes several days for the liquid to
completely evaporate. As this method is very sensitive to the conditions, such as
temperature, humidity and concentration, during deposition, it is important to have a good
control over these parameters in order to obtain a high-quality film.29,11
Dip coating is another technique for assembly of particles onto a substrate. Then,
the substrate is pulled up or withdrawn from the suspension very slowly, inducing
convective assembly of particles onto the substrate. This method is very similar to vertical
deposition, since the substrate is vertically placed in the colloidal suspension. The
thickness of the obtained film can be controlled by changing the speed of substrate
withdrawal.30,11
The use of external magnetic field to assemble highly charged, paramagnetic
colloidal particles has also been reported. This method has shown to be suitable for
producing photonic crystals as these particles tend to self-assemble into ordered arrays.
However, this method is only applicable to paramagnetic colloidal particles, which can be
considered as a major limitation.31,11,32
Langmuir-Blodgett (LB) technique has also shown to be successful for assembly
of colloidal particles. This is a two-step process in which a two-dimensional monolayer is
first produced on a liquid surface, and in the second step, the monolayers are transferred
onto a substrate and placed on top of each other in order to increase the film thickness
and producing a 3D colloidal crystal.33,11
There are a number of other methods, such as sedimentation, electrophoretic
deposition34 and electrostatic interaction35, which have also been reported for selfassembly of colloidal particles.
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1.4.1. Sedimentation
Among all of the reported methods, sedimentation is the most basic and easiest
one to use as the only driving force responsible for particle assembly is gravity. There is
no need to use any complex equipment which makes it a low-cost method. Self assembly
of colloidal particles by sedimentation involves two main steps as follows.
• In the first step, randomly distributed particles in colloidal dispersion sediment
in a process which is explained by fluid mechanics. This process involves the
balance of drag force, buoyancy and gravitational force. Stokes’ law can be
used to explain the drag force on the falling particles.36 During this stage, other
forces such as van der Waals forces (attraction), and electrostatic force
(repulsive) between particles should also be considered.37,38
• In the second step, the particle deposition is completed resulting in a film with
several layers in which a liquid (usually water) is present in the interstitial spaces
between particles. This step is important in order to achieve a high quality film,
since the solvent evaporation rate in this stage can strongly affect the quality of
the obtained film. 38,39
There are several factors that can influence the quality of a self-assembled
colloidal crystal obtained by sedimentation. Relative humidity has been shown to play a
vital role to produce an ordered crystal film. When the relative humidity is high, the
evaporation rate is decreased, which reduces the shrinkage stress and results in
subsequent cracks in the film. However, when the relative humidity is low, the evaporation
rate is increased, resulting in a higher vertical growth rate and more internal stresses. This
can severely affect the quality of the obtained film.40,41,42
Another factor which can directly affect the fabrication of self-assembled colloidal
crystals by sedimentation is the temperature. It has been shown that temperature can
have two effects on the uniformity of the resulting film. First, a high temperature speeds
up the evaporation rate, which does not allow enough time for particles to arrange in a
well-ordered structure. Second, when the temperature is high, particles have higher
thermal energy which makes them move faster. Faster particle movements prevent the
formation of a highly ordered structure. 42,43
Concentration of particles in a colloidal dispersion also plays an important role in
controlling the regularity of the obtained structure. A very low concentration results in a
thin and sometimes patchy film. On the other hand, a very high concentration of colloids
can also decrease the uniformity of the resulting film, since the amount of colloidal particles
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settling toward the substrate is too much for a stable growth, which prevents formation of
an ordered arrangement. 42,44
The other factor influencing self-assembly of colloids during sedimentation is
particle size. It has been reported that, as a result of slow movement of particles and their
collisions, very large particles tend to have an unbalanced growth rate which consequently
prevents formation of ordered structures. Too small particles also tend to form irregular
films.39,45
Various drawbacks have been reported for self-assembly of colloidal particles
using sedimentation such as vacancies, cracks, grain boundaries and dislocations which
can limit their use in some applications. 44,46
There are mainly three forces acting on each particle during sedimentation in a
colloidal dispersion (Fig. 1.6). (1) force of gravity (Fg), which is a downward force attracting
the particle toward the bottom of colloidal dispersion, (2) drag force (Fd), which is a force
acting opposite to the direction of the particle moving relative to the surrounding fluid.
During sedimentation, the particle is moving downward. Therefore, the drag force acting
on the particle is upward, (3) buoyancy force (Fb), which is an upward force equal to the
weight of the fluid displaced by the particle.47
Net force on the particle can be obtained by combining these three forces as
follows:
𝐹𝑛𝑒𝑡 = 𝐹𝑔 − 𝐹𝑑 − 𝐹𝑏

(1.1)

Force of gravity can be obtained by the following equations, in which 𝑚𝑝 is the
mass of particle, g is the acceleration of gravity, 𝜌𝑝 is the density of the particle, 𝑉𝑝 is the
volume of the particle, and 𝑟 is the radius of the particle.
𝐹𝑔 = 𝑚𝑝 g = 𝜌𝑝 𝑉𝑝 g

𝑉𝑝 =

4𝜋𝑟 3
3
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(1.2)

(1.3)

Figure 1.6.

Schematic representation of the forces acting on a particle during
sedimentation. The three forces are the force of gravity (Fg), drag
force (Fd), and buoyancy force (Fb).

Moreover, the buoyancy force is shown as follows (𝜌𝑓 represents density of the
fluid),
𝐹𝑏 = 𝜌𝑓 𝑉𝑝 g

(1.4)

The drag force equation is shown below48, in which 𝜂𝑓 and 𝜈 are viscosity of fluid
and velocity of the particle, respectively.
𝐹𝑑 = 6𝜋𝜂𝑓 r𝜈

(1.5)

In this study, 𝑥 would be considered as the distance off the top surface of the fluid,
so the particle velocity term is given by the gradient of distance with respect to time.
𝜈=

𝑑𝑥
𝑑𝑡

(1.6)

Based on Newton’s second law of motion, one could calculate 𝐹𝑛𝑒𝑡 as indicated
below,
𝐹𝑛𝑒𝑡 = 𝑚𝑝 𝑎

(1.7)

where the acceleration term (𝑎), is also the gradient of velocity with respect to the
time.
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𝑎=

𝑑𝜈
𝑑2 𝑥
= 2
𝑑𝑡
𝑑𝑡

(1.8)

Now, by substituting the acceleration term in equation (1.7), 𝐹𝑛𝑒𝑡 would be
rearranged as depicted below,

𝐹𝑛𝑒𝑡 = 𝑚𝑝

𝑑2 𝑥
𝑑𝑡 2

(1.9)

Inserting equations (1.9), (1.2), (1.4), and (1.5) into the equation (1.1) would result
in

𝑚𝑝

𝑑2 𝑥
= 𝜌𝑝 𝑉𝑝 𝑔 − 6𝜋𝜂𝑓 r𝜈 − 𝜌𝑓 𝑉𝑝 𝑔
𝑑𝑡 2

𝑚𝑝

𝑑2 𝑥
𝑑𝑡2

(1.10)

= 𝑉𝑝 𝑔 (𝜌𝑝 − 𝜌𝑓 ) − 6𝜋𝜂𝑓 r𝜈

(1.11)

Substituting equations (1.3) and (1.6) into equation (1.11) will provide the equation
below,

𝑚𝑝

𝑑2 𝑥
𝑑𝑡2

=

4𝜋𝑟3
3

𝑔 (𝜌𝑝 − 𝜌𝑓 ) − 6𝜋𝜂𝑓 r

𝑑𝑥

(1.12)

𝑑𝑡

In order to solve the aforementioned equation, one can divide the entire equation
by 𝑚𝑝 , and rearrange,

6𝜋𝜂𝑓 r 𝑑𝑥
𝑑2 𝑥
+(
−
)
2
𝑑𝑡
𝑚𝑝 𝑑𝑡

4𝜋𝑟 3
3 𝑔 (𝜌 − 𝜌 ) = 0
𝑝
𝑓

𝑚𝑝

6𝜋𝜂𝑓 r

For the sake of simplicity, the values of (

𝑚𝑝

) and

4𝜋𝑟3
𝑔
3

𝑚𝑝

(1.13)

(𝜌𝑝 − 𝜌𝑓 ) are shown by

𝛼 and β, respectively,
𝑑2 𝑥
𝑑𝑥
−
𝛼
− β=0
𝑑𝑡 2
𝑑𝑡

(1.14)

To solve this second order differential equation, two boundary conditions needs to
be satisfied. At 𝑡 = 0, the position of the particle is zero, which means the first boundary
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condition is 𝑥(𝑡 = 0) = 0. The second boundary condition specifies at 𝑡 = 0, the velocity of
the particle is zero or 𝑣(𝑡 = 0) = 0.
Now, by applying the above boundary conditions into the equation (1.14), one
would be able to solve that differential equation to provide the following solution.49
𝑥(𝑡) = 𝐴𝑡 + 𝐵𝑒 −𝐶𝑡 + 𝐷
𝛽

β

(1.15)

𝛽

where 𝐴 = 𝛼, B = α2, 𝐶 = 𝛼 and 𝐷 = − 𝛼2 .
Considering
𝑘𝑔

𝑚𝑝 = 1.346 × 10−16 𝑘𝑔,
𝑘𝑔

𝑚

𝑔 = 9.8 (𝑠2 ),

r = 3 × 10−7 𝑚, 𝜌𝑓 =

𝑘𝑔

997 (𝑚3 ) , 𝜌𝑝 = 1190 (𝑚3 ), 𝜂𝑓 = 10−3 (m.s) for PMMA particles suspended in water, the
1

values of constants A, B, C, and D are 3.786 × 10−8 𝑠, 9.012 × 10−16 𝑚, −4.202 × 107 (𝑠 ),
-9.012 × 10−16 𝑚, respectively.
Based on the value of 𝑥(𝑡), or the distance travelled, the sedimentation time can
be extracted from the equation (1.15). For a depth of 1 mm (𝑥(𝑡) = 1 𝑚𝑚) the
sedimentation time determined using equation (1.15) would be 9.5 hours.

1.5. Structural color
Light is reflected upon entering from a medium (e.g. air) to another (e.g. a solid).
If the reflected light waves of a certain 𝜆 wavelength have constructive interferences, a
color of that wavelength will appear which is called structural color50 (Fig.1.7). This
structural color is only sensitive to the change in the structure of a material rather than any
chemical processes such as light absorption from colored dyes or pigments. In other
words, the structural color of a photonic crystal is derived from light interference rather
than light absorption. There is an interaction between the traveling light and interfaces of
materials with different refractive indices. If these interaction sites have a periodicity and
coherency on the wavelength-scale, as a result of constructive interference, a color with
a specific wavelength will be appeared.50 The structural color of a photonic crystal is due
to the refractive index difference between the matrix and air which occupies the empty
pore. The wavelength of the structural color can be described by the equation shown
below23:
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𝜆 = 2𝐷 (𝑛𝑒𝑓𝑓 2 − cos2 𝜃𝑖 )2

(1.16)

where 𝜆 is the wavelength of the reflected light, 𝐷 is the distance between two planes of
constructive interference, 𝜃𝑖 is the angle of incidence light and 𝑛𝑒𝑓𝑓 is the average
refractive index of the photonic crystal. Based on equation (1.16), the wavelength of the
structural color of a photonic crystal can be tuned by changing the mentioned
parameters.51 Structural coloration offers a number of advantages over conventional
pigmentation including the ability to achieve a broad range of colors by changing the
geometry of the material, producing permanent color without any photobleaching problem
and the ability to utilize nontoxic materials to construct the photonic crystal.52

Figure 1.7.

Schematic representation of light reflected from a photonic crystal

Photo is Reproduced with permission.23

1.6. Surface wettability
Surface wettability refers to the tendency of a surface to be wetted by a liquid and
it can be evaluated by the contact angle that a liquid droplet forms on the surface. Contact
angle, 𝜃𝐶 , (Fig. 1.8) can be determined by the force balance between surface tensions of
liquid-vapor (𝛾𝐿𝑉 ), solid-vapor (𝛾𝑆𝑉 ) and solid-liquid (𝛾𝑆𝐿 ) which is described by the Young’s
equation53:
𝛾𝐿𝑉 cos 𝜃𝐶 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿
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(1.17)

If the liquid droplet is water and 𝜃𝐶 ≥ 90°, the surface is called hydrophobic. For a
water droplet forming 𝜃𝐶 < 90° the surface is called hydrophilic.54

Figure 1.8.

Schematic representation (not to scale) of balance of forces at an
interface of liquid (L) vapor (V) and solid (S).

There are two factors which need to be considered when studying the wettability
of photonic crystal films: (1) surface chemistry, (2) inter-pore geometry or neck angle. The
photonic crystal film is considered to be wetted when the liquid is infiltrated into the pores.
If the liquid is unable to penetrate the porous structure, the photonic crystal film will remain
non-wetted.

1.6.1. Surface chemistry
Liquid infiltration into the pores of a photonic crystal can be controlled by applying
a chemical coating on the surface of the pores. Alkylchlorosilanes are among the most
common surface modifiers that have been reported for silica-based photonic crystals
which can prevent liquid infiltration into the pores.55,56 Fig. 1.9 schematically shows how
the surface of silica is modified by an alkylchlorisilane. Depending on the structure of R
group in the silane depicted in fig 1.9, the contact angle of a liquid on the silica surface
can be tuned or increased. Liquids of lower contact angles are more likely to infiltrate
pores of a photonic crystal whereas liquids with higher contact angles are less able to
penetrate the pores.
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Figure 1.9.

Schematic representation of silica surface modification; A) before
silane treatment, B) after silane treatment.

1.6.2. Inter-pore Geometry
Inter-pore geometry is another factor influencing the wettability of the porous
structure of photonic crystals. Photonic crystal films consist of multiple layers of pores and
the pores in the upper and lower layers are connected through small inter-pore openings.
These openings are called necks and they exhibit a re-entrant (or concave) curvature, see
Fig. 1.10C. The curvature can be described by a term called neck angle, φ0, which is
defined as:
φ0 = sin−1

where 𝑟𝑛𝑒𝑐𝑘

𝑟𝑛𝑒𝑐𝑘
𝑟𝑝𝑜𝑟𝑒

(1.18)

and 𝑟𝑝𝑜𝑟𝑒 are the radius of the neck and the pore, respectively

(Fig. 1.10 (A)).57 There is a force which prevents liquid infiltration into the pores of a
photonic crystal which results from the re-entrant curvature of the necks. When the contact
angle of a liquid on a flat substrate (with the same material as the photonic crystal matrix
(Fig. 1.10 (B)) is smaller than the neck angle of photonic crystal, 𝜃𝐶 < φ0 , the interfacial
solid-liquid force exceeds the force barrier which lead to a wetting state (Fig. 1.10 (C)). On
the other hand, If the contact angle of the liquid on a flat substrate is bigger than the neck
angle, 𝜃𝐶 > φ0, a nonwetting state occurs, since the interfacial solid-liquid force is unable
to overcome the force barrier (fig 1.10 (D).56,58
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Figure 1.10. Wetting and nonwetting states in photonic crystal; A) Schematic
representation of neck angle calculation, B) contact angle of the liquid
on a flat substrate, C) wetting state occurs when contact angle is
smaller than neck angle, D) nonwetting state occurs when contact
angle is greater than neck angle.

1.7. Photonic crystals as chemical sensors
Photonic crystals have been used in various applications such as color displays,
inks and paints, optical switches, lasers, filters, solar cells, and sensors.4,1
Photonic crystals with different compositions have been developed to be used as
chemical sensors for sensing pH, solvent and etc.23
The refractive index difference between the matrix material (i.e. silica) and air
(which occupies the empty nanopores) is related to the structural color of a photonic crystal
film (PCF). The surface of the nano-sized pores inside the PCFs is typically coated by
hydrophobic/oleophilic materials such as fluoroalkylchlorosilanes (FACS).23,59 These
coating materials will cause the pores wetted or not wetted by certain liquids (Fig. 1.11).
When a liquid with a similar refractive index to the matrix wets the nanopores, the structural
17

color disappears due to the refractive index matching between the liquid and matrix (Fig.
1.11. (B)).

Figure 1.11. Sensing of liquid on PCF by wetting behavior; (A) Non-wetted PCF,
(B) Wetted PCF.
The disappearance of the structural color provides a way to differentiate various
liquids with different compositions based on the wettability of the nanopores.
A photonic crystal with structural color green can be seen in Fig. 1.12 Two different
surface coatings are applied which are shown by red and yellow in the nanopores. When
this photonic crystal is immersed in liquid 1, the red nanopores are not wetted by this
liquid. The structural color is maintained in the region which is not wetted by this liquid.
However, the structural color disappears in the areas which are wetted by this liquid. When
this photonic crystal is immersed in liquid 2, a different pattern of color is produced. Using
this mechanism, liquid 1 and liquid 2 can be differentiated by PCF.50
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Figure 1.12. Two different chemical coatings (“red” and “yellow”) used in a
photonic crystal film differentiate liquids 1 and 2. Left: non-wetted
PCF is green; middle: liquid 1 did not wet the pores treated with the
“red” coating; right: liquid 2 did not wet the pores treated with both
“red” and “yellow” coatings.
Photo is Reproduced with permission.50

Silica-based photonic crystal films with chemically functionalized nanopores offer
a selective wettability threshold to differentiate liquids of different chemical compositions.
There are two main approaches for liquid identification using photonic crystal films: (1)
based on measuring color change of PCF due to the infiltration of a liquid with a different
refractive index compared to air. In this approach, color changes may be small and angledependent, and this is complicated for non-trained persons to use. (2) based on color
disappearance, in which colored (non-wetted) and dark (wetted) regions are observed,
and this approach is easier to use as compared to the first approach.50
Aizenberg and her research team have developed photonic crystal sensors with
patterned chemical coatings throughout their 3D porous structures. Patterning chemical
functionalities in different regions on the sensor was achieved using oxygen plasma and
removeable mask. Using this sensor, they have been successful to differentiate three pure
liquids, such as isopropanol, acetone and water. They have also been able to differentiate
water/EtOH mixtures of W50 , W22 (W22 is mixture of 22% water and 78% EtOH), W15
and W0.58 In another work, they have been able to differentiate between water/EtOH
mixtures of W10, W15, W20, W25 and W50.60 The selectivity of their sensors has shown
a remarkable improvement in another report. Applying new chemical gradients on their
well-ordered photonic crystals, they have been able to differentiate between water/EtOH
mixtures of W7.5, W5, W2.5 and W0 which have very small differences in surface tension.
Various pure alcohols (e.g. methanol, ethanol and isopropanol) have also been
differentiated using this sensor. Other than water/EtOH mixtures and alcohols, the
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developed sensor has been used to differentiate between different pure alkanes (hexane,
heptane, octane, nonane, decane) and different auto fuels (gasoline and diesel).61 By
replacing the conventional alkylchlorosilanes by a co-polymer based on a hydrophilic
electrolyte monomer (acrylic acid) and a hydrophobic chromophore and applying different
exposure times of ultraviolet (UV) light for photopolymerization, they could modify the
wettability of the pores of the sensor and differentiate between water/EtOH mixtures of
W100, W97.5, W95, W92.5, W90 and W87.5. The use of various exposure times of UV
light for photopolymerization has been the key reason for their success to make the
surface of the pores hydrophilic and consequently to differentiate between liquid mixtures
with such a low difference in surface tensions.62 In these reports of differentiating between
water/EtOH mixtures, they did not manage to differentiate mixtures that have EtOH
contents less than W50 (or 50% EtOH in water), possibly because of the inability to find a
suitable chemical coating.
Sedighi and his colleagues have also developed dip-in sensors for differentiation
of fuel mixtures with close chemical compositions. The wettability threshold for each
sensor was tuned using a combination of different chemical coatings and neck angles. In
this way, gasoline/EtOH mixtures of E10 (10% EtOH in gasoline), E5 (5% EtOH in
gasoline) and pure gasoline have been differentiated by the sensor. The developed
sensors have also been shown to be capable of differentiation of gasoline/oil mixtures with
gasoline-to-oil ratios of 16:1, 20:1, 25:1, 32:1, 40:1, and 50:1 which are typical
fuel/lubricant mixtures used in 2-stroke engines.57

1.8. Thesis objectives
Many methods reported to fabricate PCF have the inflexibility of building only one
PCF on a substrate at a time. Therefore, different PCFs cannot be easily achieved on one
single test strip. To overcome this inflexibility, the substrate will have to be diced into
square pieces and assembled on a separate solid support to create a test strip, and this
complicates the scale-up process in manufacturing. In this study, we wish to achieve the
following objectives:
• We used evaporative sedimentation method to synthesis PCFs which brings
about the advantage that we can have an array of PCFs on a single substrate.
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• We performed parallel liquid mixtures analysis on several PCFs on the strips in
order to multiplex the analysis of different liquid mixtures.
The reported method offers several advantages as follows:
• This way of constructing an array of PCFs on the same substrate will be less
costly and more efficient as compared with other methods, since this will not
require subsequent dicing and assembling of the different PCFs on a support.
• As compared with many other reported methods, the fabrication process of
PCFs using this technique takes shorter time; from the manufacturing
standpoint, this aspect makes our proposed method economically more
efficient.
To understand the effect of the factor of neck angle on the wetting behavior of the
PCF by a liquid mixture, a parameter was created to predict the behavior. This factor
together with thickness and surface coating were studied as follows:
• Different concentrations of the matrix material and template were used to adjust
neck angle and film thickness and further confirmed using scanning electron
microscopy (SEM).
• The contact angles of several liquid mixtures when applied on a Si substrate
coated with various surface coatings were measured. The differences in the
contact angle values were used to tune the surface chemistry of the nanopores
for differentiation of the mixtures which wet the pores of one PCF, but not
others. Different surface coatings were used to tune the wettability of the pores.
The final sensor strip that consisted of an array of 6 PCFs was designed and
created by using an optimized combination of neck angle, thickness and surface coating.
The sensor strip has been shown to have the capability to differentiate between seven
different liquid mixtures with a simple-to-read wetted/nonwetted platform.
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Chapter 2.
Experimental section
Experimental methods, instruments and reagents used for this study are described
in this chapter. Fabrication of polydimethylsiloxane (PDMS) mold, surface treatments
including cleaning and functionalization, template/matrix preparation, sedimentation
method and calcination are discussed in detail.

2.1. Materials and reagents
SYLGARD elastomer kit (SYLGARD 184) and silicone sealant 732 were
purchased from Dow Corning Corp. (Midland, MI). Circular silicon wafers (4-inch diameter)
were provided by UniversityWafer, Inc. (Boston, MA, USA). Poly (methyl methacrylate)

(PMMA) nanospheres (1% solid content) with diameter of 318 ± 12 nm were purchased
from Phosphorex, Inc. (Hopkinton, MA, USA). The PMMA nanospheres were
suspended in deionized (DI) water. Tetraethyl orthosilicate (>99.0%) was obtained from
Sigma-Aldrich (Oakville, ON, Canada). Trichloro(3,3,3-trifluoropropyl)-silane (3FS) was
obtained from Sigma-Aldrich (Oakville, ON, Canada); nonafluorohexyltrichlorosilane

(9FS) was provided by Gelest. Inc. (Morrisville, PA, USA); trichloromethylsilane (99%)
(TMS)

was

purchased

from

Sigma-Aldrich

(Oakville,

ON,

Canada);

3-

(Trichlorosilyl)propyl methacrylate (TPMA) was obtained from Fluka (Buchs,
Switzerland), with the chemical structures shown in Fig. 4.2. Dimethyldichlorosilane
solution (2% w/v) in octamethylcyclotetrasiloxane (or Repel-silane) was purchased from
GE Healthcare (Uppsala, Sweden).
The following solutions were prepared and used in this study:
• Piranha solution: Sulfuric acid (98%) and hydrogen peroxide (30%) were mixed
in a 7:3 ratio. (Note: Piranha solution is very dangerous. It is a strong oxidizer
and highly corrosive liquid upon contact with skin. It may result in explosion
when mixed with organic materials).
• Sparkleen detergent: Sparkleen powder (10% w/v) was dissolved in DI water.
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PDMS cleaning solution: The concentrated Liqui-Nox (Alconox, White Plains, NY)
was diluted with DI water by a 1:10 ratio.

2.2. PDMS mold fabrication
Polydimethylsiloxane (PDMS) mold with 6 trenches was designed and created to
fabricate an array of PCFs on a silicon substrate. PDMS is a hydrophobic, non-toxic and
flexible polymer which can be sealed to a variety of solid materials such as glass, silicon
and metal.63 The steps to create PDMS molds were adopted from previous reports64 and
modified as follows:
1. Substrate Piranha treatment: A silicon wafer was cleaned with
Sparkleen detergent followed by DI water. The silicon wafer was then
immersed in 100 mL of piranha solution in a Pyrex dish (500 mL) in the
fume hood for 1 h to clean the silicon surface and create hydroxyl
groups on the surface to facilitate the subsequent silane coating. The
wafer was then removed from the dish and was rinsed in water, ethanol
(95%) and water, successively and was finally blow-dried.
2. Border formation on the wafer: In order to hold PDMS elastomer during
the casting process, a circular border was formed on the wafer using
silicone sealant 732 as shown in fig 2.1. (A). The wafer was then left for
24 h at room temperature for curing the silicone sealant.
3. PDMS casting and curing: PDMS elastomer base and curing agent in
a 10:1 ratio was prepared. The mixture was kept in a freezer at -20 °C
for 1 h so that air bubbles produced during mixing was removed. The
surface of the silicon wafer was treated with Repel-silane
(dichlorodimethylsilane) and was left for 15 min to be dried before
PDMS casting. The PDMS mixture was then poured onto the silicon
wafer to obtain a PDMS slab of 1 mm thickness and it was left at room
temperature for 24 h to be cured.
4. PDMS peeling off and trimming: Using a knife blade, the edge of PDMS
slab was cut and then the slab was peeled off gently from the silicon
wafer. Six trenches, with dimensions of 2.5 mm width – 20 mm length
– 1 mm depth, were cut using a knife blade on the PDMS slab (fig 2.1.
(B)). The final PDMS slab was then washed with Liqui-Nox solution,
blow dried, and stored for future use.
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Figure 2.1.

(A) circular border formed on the wafer using silicone sealant (B)
PDMS slab cut with six rectangular trenches (2.5 mm width – 20 mm
length – 1 mm depth).

2.3. Sealing PDMS mold with silicon substrate
Circular silicon wafers (4-inch diameter) were cut by a diamond glass cutter
into two equal pieces, making two semicircles. After the semicircular silicon substrate
was cleaned using Sparkleen detergent followed by rinsing with DI water, it was sealed to
the PDMS mold (Fig. 2.2A). Then, the substrate was placed in a Pyrex dish containing
100 mL of piranha solution for 1 h to create a hydrophilic surface on the substrate. It was
then removed from the dish and rinsed with water, ethanol (95%) and water successively
and blow-dried.
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2.4. PMMA-TEOS mixture preparation
A mixture of 0.01 M HCl, tetraethyl orthosilicate (TEOS) and anhydrous ethanol
(EtOH) was prepared in a glass vial (a ratio of 1:1:1.5 w/w/w HCl/TEOS/EtOH) as the
matrix. This solution was mixed thoroughly using a magnetic stirrer at 200 rpm for 1 h.

Poly (methyl methacrylate) (PMMA) nanospheres, which were suspended in
water, acted as the template. The PMMA stock bottle was sonicated for 30 min to
homogenize the colloids before use.
Aliquots of PMMA colloids and the matrix solution were added to a definite amount
of DI water to form the PMMA-TEOS mixture in a tube. The mixtures were then capped
and sonicated for 1 h.

2.5. PCF fabrication
In order to synthesize an array of silica-based PCFs, the PDMS mold consisting of
six trenches was sealed on the silicon substrate (Fig. 2.2 and Fig 2.3(A)). The PMMATEOS mixture was then introduced into the trenches. This mold allows separate
deposition of six different PMMA-TEOS mixtures on one silicon substrate without any
leakage. After deposition of the PMMA-TEOS mixtures, the mold was placed in a covered
plastic Petri dish in which the humidity was kept high (using wet tissues) to prevent any
solvent evaporation. All samples were left in the plastic dish for 10-12 h to make sure the
sedimentation of all nanospheres was completed. After sedimentation was completed, the
cover was removed from Petri dish to start solvent evaporation. After 8-12 h, the silicon
substrate, with the white-colored film deposited on its surface (Fig. 2.3(B)), was placed in
a programmable oven for calcination. The oven temperature was ramped up to 500°C
over 4 h, held at that temperature for 2 h, and ramped down to room temperature over 1
h. This calcination process caused thermal decomposition of the template (PMMA
nanospheres) and conversion of TEOS to silica (SiO2), forming the silica-based PCF. An
array of several PCFs formed on the same substrate (Fig. 2.3(C)) was imaged by a
smartphone camera at a viewing angle of 55°.
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Figure 2.2.

Schematic representation (not to scale) of template/matrix mixture
and PDMS mold consisting of six trenches sealed on Si substrate.

Figure 2.3.

Steps of PCF fabrication (A) sealing the PDMS mold to the silicon
substrate, (B) six white-colored strips formed after drying, (C) an
array of six blue PCFs was synthesized on the silicon substrate.
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2.6. Theoretically required amount of TEOS
The calculation for the number of PMMA particles (318 nm diameter) required to
obtain a complete monolayer is given in appendix D. For a trench of area of 50 mm 2 (2.5
mm width – 20 mm length), the number of particles is 5.49 × 108. The volume of a
monolayer is 1.6 × 10-2 mm3.
The required amount of silica (SiO2) which acted as the matrix to fill the interstitial
spaces between the particles for one complete layer would be calculated by finding the
26% of the volume of one monolayer PMMA, since the packing density of face-centered
cubic (FCC) structure is 74%.14 Based on the volume of a PMMA monolayer in each trench
(1.6 × 10-2 mm3), the amount of silica required to fill the interstitial space was calculated to
be 4.1 × 10-3 mm3. Considering the density of silica (2.65 g/cm3)65, the mass of silica
required for one monolayer was calculated to be 9.1 μg.
The silica was obtained from a reaction of Si(OC2H5) (TEOS) and water as shown
below:
𝑆𝑖(𝑂𝐶2 𝐻5 )4 + 2𝐻2 O →

𝑆𝑖𝑂2 + 4𝐶2 𝐻5 OH

(2.1)

The theoretically required amount of TEOS for reaction to obtain 9.1 μg of silica
would be calculated using the molar mass of TEOS (208 g/mol), the density of TEOS
solution (0.933 g/mL), and molar mass of silica (60 g/mol). Hence, the theoretically
required amount of TEOS was calculated to be 0.034 μL.

2.7. Surface modification
In order to tune the surface chemistry of the pores, the silicon substrates were
placed in a vacuum desiccator (Fig. 2.3), exposing PCFs on them to chemical vapors of a
silane. For this purpose, two small vials containing 90 μL of a silane solution were placed
into

the

desiccator.

Trichloro(3,3,3-trifluoropropyl)-silane

(3FS),

nonafluorohexyltrichlorosilane (9FS), methyltrichlorosilane (99%) (TMS), 3-(trichlorosilyl)
propyl methacrylate (TPMA) were the silanes used in this study. A vacuum suction was
applied to the desiccator for 3-5 min and the PCFs were left exposed to the chemical
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vapors inside the desiccator for 24 h. After chemical vapour deposition, the PCFs were
baked at 150 °C for 20 min.

Figure 2.4.

Chemical vapor deposition set-up including a vacuum desiccator,
connecting tubes and vacuum suction apparatus.

The abovementioned procedure was also used for coating flat silicon substrates
to measure contact angles of various liquid mixtures on different surface coatings.

2.8. Contact angle measurements
In order to quantify the wettability of various liquid mixtures on solid surfaces with
different chemical coatings contact angle measurements were performed using a contact
angle goniometer (OCA 15) manufactured by Data Physics Corp (San Jose, CA, USA).
Using a micropipette, a small droplet of liquid (10 μL) was placed on the flat coated silicon
substrate and the angle between the solid-liquid interface (SL) and liquid-vapor (LV)
interface was measured.66 Fig 2.4 shows a 10-μL droplet of a water/EtOH mixture (20%
EtOH in water) on a flat silicon surface coated with 3FS. The value of 𝜃𝐶 shown in Fig. 2.4
is the contact angle of this liquid on the coated silicon surface.
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Figure 2.5.

A 10 μL droplet of water/EtOH mixture (20% EtOH in water) on a flat
silicon substrate coated with 3FS, θC is the contact angle of the liquid
on the surface, LV is the liquid-vapor interface, and SL is the solidliquid interface.

2.9. Scanning Electron Microscopy measurements
The scanning electron microscope (SEM) is a tool which has been used to get
information on the morphology and size of a sample. The surface of the sample is scanned
using a focused beam of fast moving electrons.67
In order to prepare samples for SEM imaging to prevent charge build-up67, they
were coated with a thin layer of conductive iridium using a Carbon & Iridium Coating
System (EM ACE600) by Leica

(Wetzlar, Germany). Coating was achieved by a

magnetron sputter by producing ionized argon which eroded the target material (iridium)
in a plasma state. Sputtering was performed at a high vacuum (10-5 Torr) for about 1 min
to attain a layer of iridium with a thickness of 10 nm.
After sample preparation, SEM measurements with a voltage of 15 kV to
accelerate electrons were carried out using the Nova NanoSEM 430 system manufactured
by FEI (Hillsboro, Oregon, USA). Except cross-sectional images which were taken without
any tilt (0°), many of the SEM images in this work were taken with a tilt of 40°. The working
distance (WD) was set 5 ± 1 mm for all the samples.
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2.10. Measurement of reflectance spectra
Reflectance spectroscopy shows the relation between the intensity of an incident
light with the intensity of the reflected light as a function of wavelength. Reflectance
measurements can provide information on the color of a sample.
Reflectance spectra were measured using a fiber optic spectrometer (SD2000) by
Ocean Optics (Largo, FL, USA). For the reflectance measurements, the substrate was
tilted 55°, in order to obtain sharp peaks as the color reflected from the fabricated PCFs
were angle-dependent.

2.11. Optical imaging
Optical images were taken using a 12MP smartphone camera (iPhone X), Apple,
Inc (Cupertino, CA, USA). Optical images of photonic crystal films were taken at an
incidence angle of ~55 degrees.

2.12. Wetting tests
After fabrication of the PCF samples, they were checked by the water wetting tests.
After each sample was immersed in water, the blue structural color should disappear due
to liquid penetration into the pores, and the color of the PCF should reappear after blowdrying the sample with compressed air. These samples were thus tested to verify that the
pores of the PCFs are well ordered without any blockings.
The samples were then coated and wetting tests were performed with various
water/EtOH mixtures. The wetting tests were started with W5 and continued to W100 (pure
water) with an increment of 5% water in water/EtOH mixtures. In order to be consistent,
each sample was left immersed in water/EtOH mixtures for 10 sec. The samples were
blow-dried by compressed air after each wetting test in order to speed up the color
recovery needed for the subsequent wetting tests.
In order to investigate the effect of chemical coating on the wetting behaviour of
PCFs without the influence of the PCF structural factors, one single PCF sample was
used. After performing all the wetting tests for a specific coating on the PCF sample, the
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coating was thermally removed. This was achieved by placing the sample in a
programmable oven, with the temperature ramped up to 800°C over 8 h, held at 800°C for
1 h, and ramped down to room temperature over 3 h. In order to confirm complete removal
of the coating, the sample was verified by a water wetting test. The removal of the coating
was verified by the disappearance of the structural color of the PCF upon its immersion in
water.
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Chapter 3.
Optimization of PCF fabrication
In this chapter, we optimize the conditions for fabricating uniform PCFs that show
a bright structural color in order to be used in our final sensor. There are various factors
that can influence the structure of PCFs, including template/matrix ratio, deposition
method, sedimentation time and solvent evaporation rate. These factors, which all have
effects on the film uniformity and hence on the resulting structural color of the obtained
PCFs, are discussed in detail.

3.1. Characterization of fabricated PCF
Fig 3.1 (A) shows the optical image of a PCF fabricated with the amounts of PMMA,
TEOS and water to be 35 μL, 3 μL, 1010 μL, respectively. The cross-section SEM image
of the sample (Fig. 3.1 (B)) shows that the fabricated PCF is made up of 3 layers, and this
is consistent with our theoretical calculations (see Appendix D). Fig. 3.1 (C) and (D) show
the top-view SEM images of the fabricated PCF in two different magnifications. A
honeycomb-like structure is observed from the SEM images which show a periodically
ordered arrangement of nanopores.
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Figure 3.1.

(A) optical image of PCF showing a blue structural color on the film,
(B) cross-section SEM image of the PCF which consists of 3 layers,
(C) top view SEM image of the PCF with a magnification of 30,000
times, (D) top view SEM image of the PCF with a magnification of
100,000 times.

Fig 3.2 shows the reflectance spectrum of the same PCF in the visible region.
Reflectance (R) is defined as the reflection intensity divided by the incident intensity.
Based on the reflectance spectra, there is a peak around 430 nm which contributed to the
blue color. Therefore, the reflectance spectrum confirms that the structural color of the
fabricated PCF is blue. As discussed in chapter 1, the wavelength of the reflected light of
a PCF can be derived from equation (1.16) using the values for D and θ of 190 nm and
55°, respectively. The average refractive index (𝑛𝑒𝑓𝑓) was determined by using the
refractive indices of silica and air of 1.47568 and 1.069, respectively, the matrix of 53% ±
6% and the void of 47% ± 6% (see appendix E) to give a value of 1.252 ± 0.025. Therefore,
the wavelength of reflected light for this PCF was calculated to be 423 ± 10 nm, which is
consistent with our reflectance spectrum results.
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Figure 3.2.

Reflectance spectrum of a fabricated PCF showing the reflected
light with a peak in the blue region of visible light.

3.2. Advantage of template/matrix co-assembly advantage
over template self-assembly/matrix infiltration
In this section, two different methods for the deposition of template and matrix have
been performed and compared.
Method A was the template self-assembly/matrix infiltration approach. To fabricate
this sample A, a mixture of PMMA and water was prepared using 50 μL of PMMA and 850
μL of water. A volume of 100 μL of this mixture was deposited in each trench. After the
PMMA particles were dried, 0.22 μL of TEOS was infiltrated to fill the interstitial spaces
between the PMMA particles.
Method B was the template/matrix co-assembly approach. For preparation of this
sample B, a mixture of PMMA (50 μL), TEOS (2 μL) and water (850 μL) was prepared. A
volume of 100 μL of this mixture was deposited in each trench to produce six PCFs.
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Based on the number of PMMA particles, PCFs were designed to consist of 5
layers in both samples. In the template self-assembly/matrix infiltration approach, template
particles are first deposited in the trenches followed by drying, see Fig. 3.3 (A) (i). In the
second step, the matrix is infiltrated into the preassembled template particles, see Fig. 3.3
(A)(ii). Fig. 3.3 (A)(iii) shows the optical image taken after the template and matrix were
dried. The calcinated PCFs are shown in Fig. 3.3. (A)(iv). The PCFs fabricated using this
method are not uniform without a bright structural color which can be attributed to
segregation of silica during solvent evaporation. In the template/matrix co-assembly the
template and matrix were deposited simultaneously and dried, see Fig. 3.3 (B)(i). After
calcination, the PCFs showed a high degree of uniformity with a bright blue structural
color, see Fig 3.3 (B)(ii).

Figure 3.3.

Two different template/matrix deposition methods for PCF
fabrication; (A) template self-assembly/matrix infiltration, i) PMMA
templates are deposited and dried, ii) TEOS solution is infiltrated into
the pre-assembled PMMA templates, iii) PMMA templates and TEOS
solution are dried, iv) sample is calcinated, (B) template/matrix coassembly (sedimentation time and evaporation rate were 9 h and 12.5
μL/h, respectively), i) PMMA-TEOS mixture is deposited and dried, ii)
sample is calcinated exhibiting a blue structural color.
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The template/matrix co-assembly has been shown to be a more suitable method
to produce uniform PCFs with strong structural color as compared with template selfassembly/matrix infiltration.

3.3. Effect of sedimentation time on PCF quality
In this section, we study the effect of sedimentation time on the quality of PCFs.
The amounts of PMMA, TEOS and water used were 30 μL, 2 μL and 850 μL, respectively,
to achieve PCFs with 3 layers. Sedimentation times of 1, 5, 9 h were used to fabricate
three PCFs. Samples were dried with the same evaporation rate of 12.5 μL/h. As it can
be seen in Fig. 3.4, by increasing the time of sedimentation, the quality of PCFs is
improved. Sample with a sedimentation time of 9 h showed uniform PCFs with a bright
structural color which is consistent with our theoretical calculations for the time needed for
a complete sedimentation (see section 1.4). Based on Fig. 3.4 (A) and (B) PCFs produced
with sedimentation time of 1 and 5 h are non-uniform with noticeable patchy areas.

Figure 3.4.

Effect of sedimentation time on the quality of PCFs: (A) 1 hours (B) 5
hours (C) 9 hours.
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The non-uniformity observed for these two samples can be due to the fact that
PMMA particles were not given enough time for a complete sedimentation. As a result,
the evaporation step was started before the sedimentation step was completed which
might have prevented the formation of an ordered arrangement of PMMA particles.

3.4. Effect of evaporation rate on PCF quality
In this section, the effect of evaporation rate on the structure of the PCF is
investigated. The amounts of PMMA, TEOS and water used were 40 μL, 3.5 μL and 850
μL, respectively to achieve PCFs. As it is shown in Fig. 3.5, three samples with different
evaporation rates were produced and the sample dried with an evaporation rate of 12.5
μL/h (Fig. 3.5C) showed higher uniformity with a bright structural color. Samples which
were dried faster showed cracks and patchy areas. The higher the evaporation rate, the
higher the possibility of destroying the packing arrangement of PMMA particles.

Figure 3.5.

Effect of evaporation rate on the quality of PCF. The humidity was
controlled in such a way that evaporation rate was: (A) 50 μL/h, (B) 25
μL/h, (C) 12.5 μL/h.
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3.5. Effect of TEOS/PMMA ratio on PCF quality
In this section, the effect of TEOS/PMMA ratio on the quality of a PCF is
investigated. PMMA and water of 30 μL and 860 μL, respectively, were used to achieve
PCFs with 3 layers. Fig. 3.6 shows the change in the quality of a PCF by increasing the
ratio of TEOS/PMMA. For the PCFs with TEOS/PMMA ratio of 0.08 and 0.12, the amount
of TEOS seems insufficient to make full layers. For the PCFs with TEOS/PMMA ratio of
0.16 and 0.18, the amount of TEOS seems to be excess since there are areas with white
colors which shows the segregation of silica. The optimum ratio of TEOS/PMMA was
found to be 0.14 for these PCFs, which was produced using 4.2 μL and 30 μL of TEOS
and PMMA, respectively. Based on the results obtained in this chapter, sedimentation
time, evaporation rate and TEOS/PMMA ratio of 9 h, 12.5 μL/h and 0.14, respectively,
were observed to be the optimum conditions for making a high quality PCF with 3 layers.

Figure 3.6.

Effect of TEOS/PMMA ratio on the quality of PCF.
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Chapter 4.
Interfacial properties of water/EtOH mixtures
In this chapter, the interfacial properties of various water/EtOH mixtures on 4
different

coatings

are

investigated.

nonafluorohexyltrichlorosilane

(9FS),

Trichloro(3,3,3-trifluoropropyl)-silane
trichloromethylsilane

(TMS)

(3FS),

and

3-

(trichlorosilyl)propyl methacrylate (TPMA) are 4 chemical compounds used to provide
surface coatings used in this chapter.
Table 4.2 shows the measured contact angles of various water/EtOH mixtures on
flat silicon substrate that was coated with TPMA, TMS, 3FS and 9FS. The water/EtOH
mixtures are given by the percentage of water, shown by the number after the letter “W”.
For example, W60 is mixture of 60% water and 40% EtOH. In Fig. 4.1 the contact angles
of W100, W80, W60, W40, W20 and W5 on flat silicon surface coated with TPMA, TMS,
3FS and 9FS are plotted. Based on Fig. 4.1, as the water contents of these mixtures
decrease, the contact angles decrease. Since water (72.01 mN/m at 25° C) has a higher
surface tension as compared to EtOH (21.82 mN/m at 25° C), the higher contact angles
of pure water (W100) on a coated surface as compared with other mixtures of lower EtOH
content are resulted from the higher surface tension of water. In other words, as the water
content decreases in the water/EtOH mixtures, the surface tension of the whole mixture
decreases which lead to a lower contact angle.
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Table 4.1.

The measured contact angles from 6 different water/EtOH mixtures
on flat silicon substrate when coated with: 9FS, 3FS, TMS, and
TPMA. SD represents the standard deviations of three
measurements.

Figure 4.1.

The measured contact angles from 6 different water/EtOH mixtures
on silicon substrate when coated with; 9FS , 3FS, TMS, and TPMA.

From Fig. 4.1 the value of contact angle for a specific water/EtOH mixture on 9FS
coated silicon is higher than that on 3FS. This indicates 9FS is more hydrophobic than
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3FS; in order to justify the higher hydrophobicity of 9FS as compared to 3FS, their
molecular structures should be considered. Fig. 4.2 shows the molecular structure of
TPMA, TMS, 3FS and 9FS. Based on Fig. 4.2, The high hydrophobicity of 9FS comes
from a strong force within 9FS and hence low interaction between 9FS and the liquid.
TPMA shows to be a more polar molecule compared with TMS as a result of presence of
two carbon-oxygen bonds in its molecular structure. Therefore, TPMA has a lower
hydrophobicity compared to TMS, producing lower contact angle values. TPMA and TMS
both have lower hydrophobicity compared to 3FS and 9FS based on the obtained contact
angles of water/EtOH mixtures on these chemical coatings. As a result, TPMA, TMS, 3FS
and 9FS have increasing hydrophobicity. The contact angle values of water/EtOH
mixtures obtained on TMS and 3FS are in a good agreement with an earlier reported
work.58

Figure 4.2.

schematic molecular structure of TPMA, TMS, 3FS and 9FS.

The contact angles of various gasoline/oil mixtures on flat silicon substrates coated
with 3FS and 9FS were also measured (see appendix A). However, the values of contact
angles for six gasoline/oil mixtures of 16:1, 20:1, 25:1, 32:1, 40:1 and 50:1 (the ratio of
gasoline to oil is 50 to 1) on a single coating did not show any noticeable difference. Since
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the contact angle difference in water/EtOH mixtures was wider as compared to gasoline/oil
mixtures, we chose to explore the former set of mixtures in subsequent chapters.
The contact angle of gasoline/oil mixtures over time was also measured and
plotted (see appendix B). Changes of contact angles with time are not high for involatile
liquids such as water and oil. However, for volatile liquids such as gasoline, the decreases
in contact angles occur over a time of 60 sec, probably due to a change in the shape of
the liquid droplet. So, the contact angle measurements were fixed at a time of 1 sec after
dispensing the liquid droplet.
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Chapter 5.
Parameters affecting wetting behaviour of a PCF
In this chapter the effect of neck angle, chemical coating and film thickness on the
wetting behaviour of PCFs by various liquid mixtures are investigated. Then, a
combination of these three factors are used to tune the wettability of the PCFs, and a
sensor consisting of an array of PCFs is developed to differentiate various water/EtOH
mixtures based on their wetting behaviour on the fabricated PCFs. The wetting time was
fixed to be 10 sec for all of the experiments (see appendix C).

5.1. Effect of neck angle on wetting behaviour of PCFs
In this section, the effect of neck angle on the wetting behaviour of PCFs is studied.
The amounts of PMMA and water used were 20 μL and 430 μL, respectively to achieve
PCFs with 4 layers and all the PCFs were coated with 9FS. The amount of TEOS used in
each PCF was increased from 1.1 μL in PCF 1 to 3 μL in PCF 6. Based on Fig. 5.1,
increasing the amount of TEOS results in decrease in neck angle from 32° ± 2° to 20° ±
2°. When the sample was immersed in W25, all PCFs were remained non-wetted since
the contact angle of W25 (𝜃𝐶 = 34° ± 1°) is greater than neck angles of all 6 PCFs (𝜃𝐶 >
φ0 is required for wetting). When the sample was immersed in W10, all PCFs were wetted

since their neck angles are greater than contact angle of W10 (𝜃𝐶 = 19° ± 1°). By changing
the amount of TEOS, it is possible to control the values of neck angles in the PCFs and
hence the wettability of the PCFs.
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Figure 5.1.

Effect of neck angle on the wettability of PCFs. In the image of the
silicon strip, PCFs 1-6 are arranged from left to right. These PCFs
were coated with 9FS.

5.2. Effect of chemical coatings on wetting behaviour of
PCFs
In this section, the effect of chemical coating on wetting behaviour of PCFs is
investigated. The amounts of PMMA, TEOS and water used in the template/matrix mixture
were 24 μL, 1.7 μL and 700 μL, respectively, to achieve PCFs with 3 layers. All six PCFs
have the same composition and thickness. Fig. 5.2 represents the effect of chemical
coatings (i.e. TPMA, TMS, 3FS and 9FS) on wetting behaviour of an array of PCFs, with
the uncoated PCFs as the control. All water/EtOH mixtures shown in Fig. 5.2 wetted the
uncoated sample. The TPMA-coated sample remained not-wetted when it was immersed
in W80 and W85; but it was wetted when immersed in W75 or the mixtures of higher EtOH
contents. The higher the water content in the water/EtOH mixtures is, the higher is the
contact angle of the mixtures, and it is harder for them to wet the PCFs. The wetting
threshold for a TPMA-coated sample can be indicated as between W75 and W80 (i.e.
W75-W80). As a result of a higher hydrophobicity of the TMS-coated sample, the wetting
threshold was shifted to mixtures with lower EtOH contents, i.e. (W60-W65). When the
samples were coated with 3FS and 9FS with greater hydrophobicities, the wetting
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thresholds were further shifted to W40-W45 and W15-W20, respectively. Therefore, by
using different chemical coatings, the wettability of the PCFs can be tuned.

Figure 5.2.

Effect of chemical coatings on the wetting behaviour of an array of
PCFs coated with TPMA, TMS, 3FS and 9FS. All six PCFs have the
same composition and thickness.

5.3. Effect of thickness on wetting behaviour of PCFs
In this section, the effect of thickness (in terms of number of layers) on wetting
behaviour of PCFs is investigated. Two PCFs were fabricated using PMMA, TEOS and
water amounts of 45 μL, 2.8 μL and 1300 μL (for 3 layers) and 50 μL, 3.1 μL and 510 μL
(for 8 layers), respectively. The determinations of 3 and 8 layers were shown in Appendix
D. Both samples were coated with 9FS. Since the TEOS/PMMA ratio for both samples
was fixed to 0.062, we expect the PCFs should have the same neck angle and have the
same wetting threshold. However, Fig. 5.3 shows the difference of thickness on wetting
behaviour of PCFs with 3 and 8 layers. Based on Fig. 5.3, when the 3-layers sample was
immersed in W15, all PCFs were wetted. On the other hand, when the 8-layers sample
was immersed in W15, all PCFs were remained not-wetted. Therefore, the thickness is
another factor that can be used to tune the wettability of PCFs.

45

Figure 5.3.

Effect of thickness on wetting behaviour of PCFs with 3 and 8 layers.
All six PCFs in each silicon strip have the same composition. These
PCFs were coated with 9FS.

5.4. Combinations of neck angle, thickness and chemical
coating to tune wettability
In this section, combinations of neck angle, thickness and chemical coating are
used to tune wettability of PCFs for differentiation of various water/EtOH mixtures.
To understand the combination of the three factors in a systematic way, we defined
the excess ratio over theoretically required amount of TEOS (EXR) as a quantity that can
be calculated based on the actual amount of TEOS used to fabricate a PCF. For example,
for a PCF with the amount of PMMA, TEOS and water of 45, 2.8 and 1300 μL respectively,
the theoretical amount of TEOS to fill 26% of the volume of the PCF is 1.4 μL. However,
the actual amount of TEOS used to fabricate the PCF was 2.8 μL (note: different number
of layers can have different theoretical values. For example, the theoretical values based
on a computer algorithm70 for 2, 3 and 5 layers have been found to be 32%, 30% and 28%
respectively. In the present study 26% was used as a reference point to calculate EXR
values for all the samples). Then by dividing 2.8 μL (actual amount used) over 1.4 μL
(theoretical amount needed), the EXR is calculated to be 2. The greater the value of EXR
is, the thicker is the walls of the PCF, the lower is the value of the neck angle and the
lower is the tendency of pore wetting.
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Table 5.1 shows the details for the compositions of the samples that are produced
in this section. Five samples with different thicknesses and EXR values are produced.
Table 5.1.

Thickness

A: 2 layers

B: 3 layers

C: 4 layers

D: 6 layers

E: 8 layers

Composition of six PCFs on a silicon strip with thickness of 2, 3, 4, 6
and 8 layers. The six PCFs are PCFs 1-6 arranged from left to right in
the images of the silicon strip. As described in Section 2.4, TEOS is
composed of 0.01 M HCl/TEOS/EtOH in wt ratio of 1:1:1.5, and PMMA
consists of 1% solid content
Composition

PCF 1

PCF 2

PCF 3

PCF 4

PCF 5

PCF 6

PMMA

17 μL

17 μL

17 μL

17 μL

17 μL

17 μL

TEOS

1.4 μL

1.7 μL

2.1 μL

2.5 μL

2.8 μL

3.2 μL

Water

750 μL

750 μL

750 μL

750 μL

750 μL

750 μL

EXR

2.7

3.3

4

4.8

5.4

6.1

PMMA

18 μL

18 μL

18 μL

18 μL

18 μL

18 μL

TEOS

1.1 μL

1.5 μL

1.9 μL

2.2 μL

2.6 μL

3 μL

Water

520 μL

520 μL

520 μL

520 μL

520 μL

520 μL

EXR

2

2.7

3.4

4

4.7

5.4

PMMA

20 μL

20 μL

20 μL

20 μL

20 μL

20 μL

TEOS

0.9 μL

1.3 μL

1.7 μL

2 μL

2.3 μL

2.6 μL

Water

430 μL

430 μL

430 μL

430 μL

430 μL

430 μL

EXR

1.5

2.1

2.8

3.3

3.7

4.2

PMMA

25 μL

25 μL

25 μL

25 μL

25 μL

25 μL

TEOS

0.6 μL

0.9 μL

1.2 μL

1.5 μL

1.8 μL

2.1 μL

Water

350 μL

350 μL

350 μL

350 μL

350 μL

350 μL

EXR

0.8

1.2

1.6

2

2.3

2.7

PMMA

25 μL

25 μL

25 μL

25 μL

25 μL

25 μL

TEOS

0.4 μL

0.7 μL

1 μL

1.3 μL

1.6 μL

1.8 μL

Water

257 μL

257 μL

257 μL

257 μL

257 μL

257 μL

EXR

0.5

0.9

1.3

1.7

2.1

2.3
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Fig. 5.4 shows the wetting results of TPMA-coated samples after immersing in
various water/EtOH mixtures. In each sample, the value of EXR increases from PCF 1 to
PCF 6 (left to right). The different numbers of layers add another quantifier to these PCFs;
for instance, for PCFs with 6 layers, they are called PCFs D1-6, and for 8 layers, they are
called PCFs E1-6. Based on Fig. 5.4 in order to differentiate between W60 and W70,
TPMA-coated samples with 6 or 8 layers can be used. In the case of 8 layers, W65 wetted
PCF E1 only, but W60 wetted all PCFs E1-6. In the case of 6 layers, W65 wetted PCFs
D1-4, but W60 wetted all PCFs D1-6.

Figure 5.4.

Effect of thickness on the wettability of PCFs when coated with
TPMA.

Fig. 5.5 shows the wetting results of TMS-coated samples after immersing in
various water/EtOH mixtures. Based on Fig. 5.5, in order to differentiate between W60
and W50, TMS-coated samples with 3, 4 and 6 layers can be used. Also, to differentiate
between W50 and W40, TMS-coated samples with 8 layers can be used.
Fig 5.6 shows the wetting results of 3FS-coated samples after immersing in various
water/EtOH mixtures. Based on Fig. 5.6, in order to differentiate W40 and W30,
3FS-coated samples with 3, 4, 6 and layers can be used.
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Figure 5.5.

Effect of thickness on the wettability of PCFs when coated with TMS.

Figure 5.6.

Effect of thickness on the wettability of PCFs when coated with 3FS

Fig. 5.7 shows the wetting results 9FS-coated samples after immersing in various
water/EtOH mixtures. Based on Fig. 5.7, in order to differentiate between W25 and W20,
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9FS-coated samples with 2 layers can be used. Also, to differentiate between W20 and
W10, 9FS-coated samples with 4, 6 and 8 layers can be used.
.

Figure 5.7.

Effect of thickness on the wettability of PCFs when coated with 9FS.

Fig. 5.8 shows the plot of wetting threshold based on EXR and number of layers
for the mixtures of W75, W70 and W65. These EXRs and layer values were extracted
from Fig. 5.4. Based on Fig. 5.4, when a 2-layer TPMA-coated PCF is used, W75 wetted
PCF B2 but not PCF B3. The wetting threshold EXR value was obtained by calculating
the average of EXR value for PCF B2 (3.3) and for PCF B3 (4), which resulted in 3.7.
Similarly, when a 3-layer TPMA-coated PCF was used, W75 wetted PCF C1 but not PCF
C2. The wetting threshold was given by the average of EXR values for PCF C1 (2) and
for PCF C2 (2.7), which resulted in 2.4. These two wetting thresholds for W75, i.e.
(EXR=3.7, 2 layers) and (EXR=2.4, 3 layers), were then plotted in Fig. 5.8, and the two
data points were joined to give the wetting threshold line in blue on the left.
The same procedure was followed to find other average EXR values and number
of layers for the wetting thresholds of two other mixtures, i.e. W70 and W65. The obtained
plot, as shown in Fig. 5.8, shows the threshold line of wetting, in which the wetted regions
are on the left sides with green points, whereas non-wetted regions are on the right sides.
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The wetting thresholds for PCFs coated with TMS, 3FS and 9FS using different
liquid mixtures are also extracted and plotted in Figs. 5.9, 5.10 and 5.11, respectively.

Figure 5.8.

wetting threshold based on EXR and number of layers for TPMAcoated PCFs.

Figure 5.9.

wetting threshold based on EXR and number of layers for TMScoated PCFs.
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Figure 5.10. wetting threshold based on EXR and number of layers for 3FScoated PCFs.

Figure 5.11. wetting threshold based on EXR and number of layers for 9FScoated PCFs.
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5.5. Development of a sensor to differentiate water/EtOH
mixtures
Based on the wetting threshold graphs obtained in Section 5.4, a sensor strip
platform was designed in order to differentiate between various water/EtOH mixtures. As
it is shown in Fig 5.12, six different PCFs were produced with different chemical coatings,
EXR and film thicknesses. In order to differentiate between W70 and W60, an 8-layer PCF
was fabricated with EXR of 1.6 and with TPMA as chemical coating, see the red dot in
Fig. 5.8. To differentiate between W60 and W50 a 3-layer PCF was fabricated with EXR
of 3.6 and coating of TMS, and to differentiate between W50 and W40 an 8-layer PCF
was fabricated with an EXR of 2.1 which was coated with TMS, see the two red dots in
Fig. 5.9. In order to differentiate between W40 and W30, a 6-layer PCF was fabricated
with an EXR of 1.6 which was coated with 3FS, see the red dot in Fig. 5.10. To differentiate
between W30 and W20, a 2-layer PCF was made with an EXR and chemical coating of 3
and 9FS, respectively, and between W20 and W10, a 6-layer PCF was produced and
coated with 9FS and the EXR was designed to be 1.8, see the two red dots in Fig. 5.11.
The ideal image of differentiation is shown in Fig 5.12, in which the differentiation can be
achieved by counting the number of wetted/not-wetted PCFs on the sensor strip.
Fig. 5.13 shows the image of the fabricated sensor and wetting results in W10,
W20, W30, W40, W50, W60 and W70. Based on Fig. 5.13, the differentiation of 7
water/EtOH mixtures have been accomplished successfully. The final sensor strip shows
6 wetted PCFs when immersed in W10 (or a mixture with higher EtOH contents). If only
one PCF is not wetted after immersion in a water/EtOH mixture, the mixture is considered
to be W20. The final sensor shows 2, 3, 4, 5, and 6 non-wetted PCFs when immersed in
W30, W40, W50, W60, and W70 (or a mixture with lower EtOH contents).
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Figure 5.12. Schematic design and composition details of six PCFs on the sensor
to differentiate seven different water/EtOH mixtures: W10, W20, W30,
W40, W50, W60 and W70.

54

Figure 5.13. Differentiation of W10, W20, W30, W40, W50, W60 and W70 using an
array of PCFs on a single sensor strip substrate.
The present work is compared with previously reported work. As shown in Table
5.2., the PCF preparation time, chemical coating, liquid mixtures for differentiation, and
differentiation methods in previous reports and the present work are summarized. In this
study, the PCF preparation time of 17 h was achieved which is much lower than the
previously reported times (55 h). The final sensor in the present study can be used to
differentiate a wider range of water/ethanol mixtures (W10 to W70) as compared to
previous work. Moreover, the differentiation method in the present study is based on
counting the number of wetted/non-wetted PCFs, which is more easily interpreted than
the method of considering color pattern changes found in some of the previous reports.
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Table 5.2.

Summary of PCF preparation time, chemical coating, liquid mixtures
for differentiation, and differentiation methods reported in literature.

3FS, 9FS, 13FS, 17FS, TMS, DEC, 5FP, PTOL are Trichloro(3,3,3-trifluoropropyl)-silane,
nonafluorohexyltrichlorosilane, trichloro(1H,1H,2H,2H-perfluorooctyl)silane, heptadecafluoro(1,1,2,2-tetrahydrodecyl),
trichloromethylsilane, n-decylsilyl, pentafluorophenylpropyl, p-tolyl, respectively.
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Chapter 6.
Conclusions and future directions
6.1. Summary of the research and conclusion
In this study, an array of photonic crystal films (PCFs) was fabricated on a single
substrate using co-assembly sedimentation. Factors such as template/matrix deposition
method, sedimentation time, evaporation rate and TEOS/PMMA ratio which affect the
quality of fabricated PCFs were studied. The optimum conditions for producing uniform
PCFs with a bright structural color were obtained.
The fabricated PCFs were characterized using reflectance spectra, optical and
SEM images and the origin of the blue structural color was verified. Experimental results
showed a good agreement with theoretical calculations, which verified our observations.
Interfacial properties of various water/EtOH mixtures on 4 different chemical
coatings of TPMA, TMS, 3FS and 9FS were investigated. Water/EtOH mixtures showed
a decrease in contact angle when the EtOH content of the mixture was increased. TPMA,
TMS, 3FS and 9FS showed an increasing trend in hydrophobicity.
The effects of chemical coating, neck angle and thickness on the PCF wettability
were studied individually. A more hydrophobic chemical coating, a smaller neck angle and
a larger film thickness, result in more difficult wetting of PCF pores.
Combinations of different chemical coatings, neck angles and film thicknesses
were used to tune the wettability of the PCFs for various water/EtOH mixtures with 5%
EtOH difference. Based on the optimized combinations of 3 factors, a final sensor strip
platform was designed to differentiate between 7 water/EtOH mixtures.
The final developed sensor is capable of differentiating between 7 water/EtOH
mixtures: W10, W20, W30, W40, W50, W60 and W70 by counting the number of wetted
and not-wetted PCFs. The results of six, five, four, three, two, one and zero wetted PCFs
after immersion in a water/EtOH mixtures can be attributed to W10 (or a mixture with a
higher EtOH content), W20, W30, W40, W50, W60 and W70 (or a mixture with a lower
EtOH content).
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6.2. Future directions
In order to differentiate between water/EtOH mixtures with lower EtOH content new
chemical coatings which show a lower hydrophobicity than TPMA must be used. By using
less hydrophobic chemical coatings, differentiation of W80, W90 and W100 may also be
achieved.
The use of lower ratios of TEOS/PMMA may produce bigger neck angles, which
may in turn be used to differentiate water/EtOH mixtures with lower amounts of EtOH.
The production of an array of 12 or more PCFs on a single substrate may increase
the multiplex advantage for differentiation of water/EtOH mixtures. The use of more PCFs
on a substrate can be helpful to increase the resolution of the sensor from a difference of
10% to 5% EtOH in the water/EtOH mixture.
The same sensor strip platform should also be used to differentiate other liquid
mixtures such as the mixtures of different alkanes. The mixtures should have sufficiently
large difference in contact angles in order to be used in this platform.
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Appendix A.
Measurement of contact angles of various
gasoline/oil mixtures on PCFs coated with 3FS and
9FS
Table A.1 shows the contact angles values obtained for different gasoline/oil
mixtures on flat silicon substrates coated with 3FS and 9FS. Fig. A.1 shows the graph of
these contact angles versus composition of liquids for different gasoline/oil mixtures. The
difference in contact angles for the six gasoline/oil mixture was 5 degrees, which was
insufficient for differentiation by PCFs using a single chemical coating. Other factors, such
as neck angle and number of layers, should be considered for successful liquid
composition differentiation.
Table A.1.

Contact angles values obtained for different gasoline/oil mixtures on
flat silicon substrates coated with 3FS and 9FS. SD represents the
standard deviations for three measurements.
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Figure A.1.

Graph of contact angles vs. composition of liquids for different
gasoline/oil mixtures on silicon substrate coated with:
nonafluorohexyltrichlorosilane
(9FS)
and
trichloro
(3,3,3trifluoropropyl)-silane (3FS).
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Appendix B.
Change of measured contact angles with time
Fig. B.1 shows images of droplets of ethanol, water and different gasoline/oil
mixtures on two coated silicon substrates captured after different intervals of time. Fig. B.2
shows the graph of contact angles versus time after liquid dispensing for water, oil,
gasoline and 5 different gasoline/oil mixtures. Based on Fig. B.1 and Fig. B.2, the contact
angles of volatile mixtures decrease over time, probably due to a change in the shape of
droplets.

Figure B.1.

Images of droplets of ethanol, water and different gasoline/oil
mixtures on two coated silicon substrates captured after different
intervals of time.
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Figure B.2.

Graph of contact angles vs. time after liquid dispensing for water, oil,
gasoline and 5 different gasoline/oil mixtures.
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Appendix C.
Time of liquid wetting experiments
Fig. C.1 shows the wetting behaviour of five PCFs over time when immersed in
EtOH and water. The amounts of PMMA, TEOS and water used were 40 μL, 2.5 μL and
860 μL, respectively, to achieve 4 layers for all five PCFs. Based on Fig. C.1, the wetting
behaviour of samples are similar for water or EtOH during different intervals of time. So,
we fixed the wetting time to be 10 seconds in all subsequent experiments.

Figure C.1.

Wetting behaviour of five PCFs over time when immersed in EtOH and
water. The amouns of PMMA, TEOS and water used were 40, 2.5 and
860 μL, respectively to achieve 4 layers in all five PCFs.

69

Appendix D.
Determination of the number of layers
In order to estimate the number of layers of a PCF based on the amount of PMMA
used, one must divide the number of PMMA particles used to the number of PMMA
particles required to cover a complete monolayer. To calculate the number of particles
required to attain one complete layer of PCF in each trench, the total area of the trench
should be divided by the cross-section area occupied by each particle. In order to obtain
a more accurate estimation of the required number of PMMA particles to cover a
monolayer, the calculation was based upon an average number of pores in a top-view
SEM image taken during this study (see Fig. D.1). Based on Fig. D.1, each set of 24
particles (19 full particles and 10 partial particles) occupied an area of 2.187 × 10-6 mm2
(1444 nm × 1515 nm). The area of each trench (2.5 mm width – 20 mm length) was 50
mm2. As a result, to form one complete layer, 5.49 × 108 PMMA particles were required.

Figure D.1.

Top-view SEM image of a PCF showing occupation of 24 particles in
an area of 2.187 × 10-6 mm2.

The concentration of PMMA particles was labeled on the bottle as 4.99 × 1011
particles/mL. Therefore, to obtain one complete monolayer of particles in each trench, 1.1
μL of the suspension in the original PMMA bottle was needed. Since 100 μL of PMMATEOS water mixture is used in each trench to make PCF, the ratio of PMMA to PMMATEOS-water mixture should be 0.011 in order to form a complete layer. Therefore, for any
PMMA-TEOS-water mixture, by dividing the ratio (PMMA / (PMMA-TEOS-water mixture)
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by 0.011, the number of layers can be estimated. For example, if the amounts of PMMA,
TEOS and water used to fabricate a PCF are 50 μL, 4 μL and 703 μL, respectively, the
ratio of PMMA/(PMMA-TEOS-water mixture), which is 50/753, is 0.066. By dividing 0.066
by 0.011, the calculated number of layers resulting from the use of this PMMA-TEOSwater mixture is six.
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Appendix E.
Packing density calculation
The packing density for a PCF with a FCC structure can be derived from the
following equation71:

𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

4𝜋𝑅 3
3
𝛼3

𝑁 ×

(𝐸. 1)

Where N, R and 𝛼 are the number of pores in a single unit cell (the simplest
repeating unit in a crystal), radius of the pore and unit cell parameter (physical dimension
of unit cell), respectively. Based on Fig. E.1,

α
𝑅

= 3.29 ± 0.15 . Substituting

𝛼
𝑅

in (E.1), the

packing density of the fabricated PCF is 53% ± 6% which means 53% ± 6% of the structure
is matrix and 47% ± 6% of the structure is void.

Figure E.1.

Top-view SEM image of the fabricated PCF including 𝜶 (unit cell
parameter) and R (radius of the pore).
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