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Abstract 

This Thesis focuses on the design of a simple optical method for the determination of molecular 

diffusion coefficients and for the quali-quantitative assessment of the diffusing species in 

polymer photonic sensors and in commercial polymer thin films used in packaging. 

This project arose to overcome the lack of methodologies related to the detection of hazardous 

vapor molecules both in air and in goods packaging. To tackle this task, this Thesis proposes 

simple optical spectroscopy coupled to photonic crystal sensors (called Flory-Huggins 

Photonic Sensors, FHPSs) and commercial polymer thin films to retrieve quali-quantitative 

information of polluted air and molecular diffusion coefficient in the polymers themselves. 

This is achieved studying the kinetics of optical variations in the diffraction and/or interference 

pattern of the sensors, which are opportunely designed to interact with the analyte species.  

In the first Chapters, after discussing the problematics related to the monitoring of vapor 

analytes and to the determination of diffusion coefficients, this Thesis explains the working 

principle of the FHPSs, and the optical set-up designed to the purpose. Then, commodity 

polymers FHPSs are used as proof of principle to create a receipt for the design of sensors 

suitable for any class of chemical compounds. This system also shows colorimetric response 

with sensitivity and lower detection limit approaching the part per million and label free 

selectivity to the tested analytes. Moreover, the study of the kinetics of the spectral response 

allow to evaluate the diffusion coefficients of the analytes within the photonic structure. The 

method is then tested for the detection of various pollutants. The possibility to use unstructured 

commercial films to the same purposes in also discussed and demonstrated.  

These results promise to simplify detection of volatile pollutants in atmosphere and a new 

simple tool to asses diffusion of hazardous molecules in packaging systems. The possibility to 

assess the colorimetric response of the FHPSs even by the naked eye, together with the 

capability to monitor diffusive processes in polymer packaging film directly on the shelf, 

promises also safety devices and continuous assessment of goods. 
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Summary 

Photonic Crystals  

Following the seminal researches by John1 and Yablonovitch,2 photonic crystals (PhCs) 

stimulated wide fundamental interest, that nowadays results in many technological 

applications.3 PhCs are arrays of media having different dielectric function arranged in sub-

micrometric lattices which can extend with different dimensionality (Figure 1).4-5 Such 

structures affect photons properties as the crystal potential in a semiconductor affects the 

properties of electrons. Therefore, one can extend to PhCs three basic concepts from 

semiconductors: the photonic band structure, which identifies spectral regions forbidden and 

allowed to photon propagation;5 the photonic band gap (PBG), which is responsible for the 

PhC chromatic response;6-9 and the density of photonic states (PDOS), 2-5 which helps 

explaining the effects on the photoluminescence (PL) of materials embedded in the PhC. Then, 

to understand the working principle of PhCs, we will use the analogy with semiconductors. In 

electronics, a crystal is a structure where atoms are arranged in an array of points generated by 

periodic translations, namely the Bravais Lattice. The interaction between the periodic potential 

and electrons defines frequency regions forbidden to the latter, called energy band gaps.9 The 

optical analogous of a crystal is a PhC, where macroscopic media with different refractive 

index are ordered with a periodicity comparable to the wavelength of visible light.10 Here, light 

diffraction and refraction at every interface generates PBGs, where photons cannot propagate 

and are diffracted backward (or reflected) providing the structures with their characteristic 

iridescent colors (Figure 1)11,12 Intuitively, the higher is the dielectric contrast within the lattice, 

the stronger is the control over the light that one can achieve. For these reasons, PhC have been 

historically made by material with high refractive index (e.g. GaAs and GaN) and air. On the 

other hand, structuring such materials requires complicated, expensive and time demanding 

techniques such as e-beam and focus ion beam lithography and metal-organic vapor 

deposition.13–15 These structures are still a hot topic in photonics for optical fibers, light 

emitting diodes (LEDs), sensors, photovoltaic devices, lasers, lightening and quantum 

computing.10 However, new solution processable photoactive materials incompatible with the 

processing of bulky inorganic structures (e.g. organic semiconductors quantum dots, hybrid 

perovskites and self-assembling supramolecular systems) stimulated the development of PhCs 

grown with organic and colloidal materials by solution and melt processes.11-13  
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As a consequence, thanks to the ease of processing and the low cost, polymers become 

interesting building blocks for photonic structures.16–19 Figure 1 reports some example of 

polymer structures with different dimensionality and compare them with well-known natural 

lattices.8 Figure 1a shows the schematic and photographs of mono-dimensional planar lattices, 

also called distributed Bragg Reflectors (DBRs), where alternated polymer thin films deposited 

by simple spin coating20 resemble the nacre. Similarly, Figure 1b shows a two dimensional 

lattice fabricated soft lithography21, whose natural analogue is the sea-mouse (Figure 1b 

bottom). Water dispersion of microspheres can instead be used to fabricate three-dimensional 

structures, like those illustrated in Figure 1c.22 

 

 

Figure 1: Scheme and photographs of synthetic and natural PhCs with different dimensionality: 

a) 1D: polymer multilayers and nacre6 b) 2D: hole array fabricated by soft lithography and sea 

mouse spines23 and c) 3D: microsphere lattice synthetic opals and a natural opal.24 

 

Among PhCs, DBRs are currently the most interesting owing to their simple optical response 

providing a playground to understand deep physical concepts. DBRs are indeed made of 

alternated thin films of different dielectric materials. This simplicity makes them the only PhCs 

that can take advantage of large area growths.14 Such fabrications are restricted to polymeric 

media, and are unconceivable for bulky inorganic DBRs. Large area fabrications might reduce 

processing costs and enhance customizability, also on industrial scale, thus adding 

unprecedented market opportunities. Figure 2 illustrates the evolution and fabrications of 
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solution and melt processed DBRs. The top of the Figure displays three well-known natural 

DBRs belonging to animal and plant reigns: the nacre in a seashell,15 the Panamanian Tortoise 

beetle exoskeleton,16 and the Pollia Condensata skin,17 whose growth is driven by the 

thermodynamics of spinodal phase separation.18 The interest in these natural structures led to 

their emulation until the development of solution-based fabrication methods for flexible 

synthetic DBRs made of polymers and inorganic nanoparticles. The base of Figure 2 shows 

some applications arose only in the last decades. From left to right: the use of DBRs in 

functional architecture, in enhancement of photon absorption for photovoltaic cells and 

modules, emission control, lasing, and sensing.13, 19-21  

 

 

Figure 2: From top to bottom: electron microscopy and digital images of natural DBRs: 

nacre15, Panamanian Tortoise16, and Pollia Condensata;17 photographs and schematic of DBRs 

and applications.13, 19-21 
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Background 

Among those just mentioned, sensing is the most promising field of application of polymer 

DBRs. Indeed, several preliminary works demonstrated that their high sensitivity and broad-

band selectivity to, among others, vapor and gas polluttants.22-29 The optical response of these 

sensors relies on the permeation of vapor molecules within the DBR and the swelling of the 

polymers, which induces a color variation. The example of Figure 3 schematizes the typical 

response of a polymer DBR to a vapor analyte penetrating it starting from the top layer, which 

contacts the air environment and inducing the progressive swelling of the films. In turn, the 

swelling increases the light optical path and shifts the PBG to the longer wavelength side of 

the spectrum providing the colorimetric response.  

 

 

Figure 3: Schematic of the processes occurring into polymer DBR sensors during the exposure 

to vapor analytes.23  

 

The presence of a characteristic behavior for different analytes suggested that studying the 

kinetics of this spectral response would allow distinguishing different analytes. This process 

was demonstrated for phase changing polymer building blocks (Figure 4).22 In this case, 

registering the spectrum of the DBR sensor at a set time provides different signals, which 

depend on the different intercalation kinetics of the analytes within the DBR. On the other 

hand, the mechanism behind the selectivity and sensitivity to different analytes was not fully 
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understood, while the comprehension of these mechanism would allow to define a new strategy 

for the fabrication of sensors with borad lablel-free selectivity. 

 

 

Figure 4: Scheme of phase changing DBR sensors (black line) to CCl4 (magenta), 1,2-

diclorobenzene (blue), and benzene (red).The photographs on the left shows the surface of the 

sensors before and after the exposure to the analytes..22  

 

Motivations and Aims 

This Thesis focuses on the design of a simple optical method for the determination of molecular 

diffusion coefficients and for the quali-quantitative assessment of the diffusing species in 

polymer DBRs and commercial polymer thin films used in packaging. This project arose to 

overcome the lack of methodologies related to the detection of hazardous molecular species in 

the vapor phase in air and in goods packaging. The current technology requires indeed complex 

and time demanding laboratory analyses. To tackle this task, this Thesis proposes to employ 

optical spectroscopy coupled to the polymer structures just mentioned to retrieve quali-

quantitative information of polluted air and molecular diffusion coefficient in the polymers 

themselves. This is achieved studying the kinetics of the variations in the diffraction and/or 

interference pattern of the sensors, which are opportunely designed to interact with the analyte 

species. The goal is the design of sensors that can assess air quality and be potentially 

implemented into packaging systems to provide information about degradation markers and 
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intercalation of hazardous molecule into the packaging itself. This aspect can indeed allow 

monitoring of goods quality as well as degradation of packaging barrier properties.  

Thesis Structure 

Chapter 1 highlights the importance of simple detection systems for the qualitative and 

quantitative analysis of vapor analytes. The importance of atmosphere monitoring has been 

indeed widely recognized and recently the possibility to assess the quality of air in sealed 

containers revealed new perspectives in health preservations and device encapsulation. The 

Chapter reviews state of the art technologies for the qualitative and quantitative detection of 

volatile species focusing on their figures of merit and main limitations. Then, it introduces new 

colorimetric technologies aimed to simplify the analyses which disclose compatibility with 

packaging systems. Last, it proposes a new method that exploit polymer multilayers to achieve 

contemporary analysis of volatile species and determination of their diffusion coefficient 

within the polymer themselves by simple UV-Vis spectroscopy.  

Chapter 2 describes the fabrication methodologies and characterization techniques developed 

for the sensing measurements and used for sensors characterization in the Thesis work.  

Chapter 3 describes polymer DBRs label-free colorimetric sensors featuring specific 

interactions with pollutants for environmental monitoring and packaging technologies. This 

Chapter reports on commodity polymer multilayers as proof-of-principle systems to 

demonstrate that DBRs sensitivity and selectivity can be explained in term of Flory-Huggins 

interaction parameters between the sensor polymers and the analyte. In details, it reports on the 

response of multilayers made of cellulose acetate and polystyrene to five short chain alcohols 

for the determination of their diffusion coefficient in the polymer matrix monitoring of the UV-

VIS optical response of the photonic sensors.  In addition, this part focuses on sensors 

selectivity also in binary mixtures. Eventually, sensitivity, lower detection limit and 

reversibility of these systems are also investigated. This Chapter defines then a general method 

for the design of FHPSs able to detect and disentangle any class of vapor compounds and 

measure their diffusion coefficients.  

In Chapter 4 the new method is tested for the assessment of aryl, halogenated and perfluorinated 

compounds FHPSs designed on the base of their Flory-Huggins interaction parameter with the 

analytes.  
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Chapter 5 demonstrates the use of UV-Vis optical spectroscopy to determine the diffusion 

coefficient of small molecules in unstructured commercial polymer film used in packaging. 

Using the same working principle demonstrated for DBR vapor sensors it is indeed possible to 

employ the interference pattern typical of thin polymer films for the assessment of diffusion 

coefficients and even to recognize the analyte diffusing into the polymer.  

Chapter 6 discusses the results achieved during this Thesis project and propose a future 

research path to achieve use of the sensors in real environment.  

Chapter 7 reports on other projects related to the one reported in this Thesis. Polymer 

multilayered structure where indeed also employed to achieve emission control and lasing. This 

project accompanied the main one of this Thesis to the goal to demonstrates that polymer 

photonic structures are feasible. The Chapter first introduces the concept of microcavities, and 

their effect on light matter interaction. It will then briefly discuss the result achieved both in 

light emission control and lasing demonstrating the capability to couple several emitters, 

including perovskites, organic molecules and inorganic nanocrystals into microcavity 

structures.  

Last, Appendix A reports the theoretical background useful to understand the basic optics of 

DBRs. Moreover, a list of publications and contribution to conferences arose from this work is 

reported at the end on this manuscript. 
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1 Chapter 1: Vapor Sensing Technologies 

 

 

 

 

 

 

 

 

This Chapter highlights the importance of developing simple detection systems for the 

qualitative and quantitative analysis of vapor analytes. The importance of atmosphere 

monitoring has been indeed widely recognized and recently the possibility to assess the quality 

of air in sealed containers revealed new perspectives in health preservations and device 

encapsulation.  

The first Paragraph reviews the current technologies for the qualitative and quantitative 

detection of volatile species focusing on their figures of merit and main limitations. Then, it 

introduces new colorimetric technologies aimed to simplify the analyses which disclose 

compatibility with packaging systems. Current technologies for the measurement of diffusion 

coefficient are also reviewed. Polymeric and mesoporous DBR sensors are then reviewed and 

compared. Last, this section proposes a new method that exploit polymer DBRs to achieve 

contemporary analysis of volatile species and determination of their diffusion coefficient within 

the polymer themselves by simple UV-Vis spectroscopy.  

 

This section is substantially published at:  

Lova, P.; Megahd, H.; Comoretto, D. Thin Polymer Films: Simple Optical Determination of Molecular Diffusion Coefficients. 

ACS Applied Polymer Materials 2020, 2, 563-568 

Lova, P. et al. Flory-Huggins Photonic Sensors for the Optical Assessment of Molecular Diffusion Coefficients in Polymers, 

ACS Appl. Mater. Interfaces, 2019, 11, 16872-16880. 

Lova, P. et al., Advances in Functional Solution Processed Planar One-Dimensional Photonic Crystals, Adv. Opt. Mater., 2018, 

6, 1800730-26. 
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The assessment of volatile organic compounds (VOCs) in the vapor phase plays a key role in 

the evaluation of potential health risks in industrial and urban areas. Recently, it revealed great 

relevance also in packaging of goods and device encapsulation.1-2 Indeed, fast assessment of 

analytes penetrating in the packaging itself would allow to identify the formation of 

degradation markers within the sealed environment, or the intercalation of harmful molecules 

from the external air.1-2 The possibility to implement the packaging with sensors based on 

simple colorimetric response that do not require any chemical target and that can identify, 

quantify and measure the diffusivity of analytes in the packaging itself could then allow direct 

assessment of food and goods quality directly on the shelf. On the other hand, current 

technologies for the determination of analytes in air are still far away from this standard.  

This Chapter reviews the technologies used currently for the qualitative and quantitative 

detection of molecules in the vapor and gas phases introducing their figures of merit and 

limitations. It will then describe the technologies used for the determination of diffusion 

coefficients. Last, it will describe the state of the art of colorimetric photonic sensors and 

propose a new approach to achieve both chemical analyses and determination of diffusion 

coefficients via UV-Vis spectroscopy.  

1.1 Assessment of Vapor Phase Analytes  

Despite the lack of regulations for the monitoring of packaged goods during their shelf-life, the 

importance of atmospheric VOCs89 monitoring has been largely recognized. VOCs cause 

indeed several toxic effects,12 and are often associated to development of cancer3 and formation 

of tropospheric ozone,4 which results in global warming,5 formation of new pollutants7and can 

causes respiratory illness.6 As a consequence, detection of atmospheric vapor analytes is ruled 

by national regulations, which vary country by country. In general, quantitative analyses can 

be performed with portable detectors, while qualitative ones require laboratory equipment.  

The Figures of merit of a detection system vary strongly depending on the polluted 

environment. In industrial areas, where pollutant species and sources are usually known, 

detection of small concentrations is necessary to avoid excessive and prolonged exposures. In 

urban environments, the large amount of activities that may release these compounds makes 

instead their identification of primary importance to evaluate the risks. Then, while in industrial 

area the main requirements are sensitivity and low detection limit, in urban areas the 

identification of the pollutant, and thus the selectivity of the detection system, is most critical. 
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In the next Paragraphs, we will introduce the established technologies used to monitor air 

quality, highlighting the figure of merit of detection systems.  

1.1.1 Sensors for Quantitative Analyses  

As mentioned before, in industrial plants, sensors must detect very small concentrations. 

Indeed, analytes such as formaldehyde and benzene show carcinogenic effects in 

concentrations below 1 ppm. In these cases, the operators are provided with portable detectors 

with high sensitivity and low detection limit. Although they sensitivity, these detectors are not 

qualitative and produces additive responses to the presence of different analytes.14–16 Among 

the most diffuse portable detectors, there are metal oxide sensors, colorimetric indicator tubes 

and infrared point sensors (Figure 1.1).  

 

 

Figure 1.1: (a) Schematic of a metal oxide detector for VOC vapors analysis. (b) Commercial 

colorimetric reaction tube detector with volumetric hand-pump and colorimetric glass tubes for 

different analytes.21 (C) Schematic of infrared point detector components. 

 

Metal Oxide Sensors rely on a catalyzed oxidation of the analytes operated by a metal oxide 

(Figure 1.1 a). This favor electrons injection into the latter modifying its resistance and 

generating a signal.17 These sensors show sensitivity down to few part per billion but lack of 

selectivity and the presence of ozone and water generates false readings. 18,19 

Colorimetric indicator tubes are glass tubes containing specific colorimetric chemical targets. 

Figure 1.1 b shows a commercial system where a volumetric hand pump is connected to the 
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glass tubes with the target. The color variation is compared with a database to retrieve analyte 

concentration. These tests can detect concentrations from few part per million to few percent, 

but accuracy is generally low.20  

Portable infrared sensors use infrared spectroscopy to detect hydrocarbons. These sensors use 

two wavelengths: a measuring one, corresponding to the analyte absorption, and a reference 

one, which is detuned. The analyte concentration is determined by comparison between the 

relative intensity of the two beams (Figure 1.1 c).22 These systems show high sensitivity, but 

different analytes with absorption in the same spectral range induces false readings.  

1.1.2 Sensors for Qualitative Analyses 

Portable detectors do not allow analytes identification, so unknown leaking sources necessitate 

laboratory analyses. This process requires sampling of large amount of air and analytes 

separation before the measurements. Air is sampled over long periods in areas selected 

accounting for meteorological data and distance from the source. The air is collected in 

pressurized canisters23 or it is possible to concentrate the analytes using membranes,24–26 

solvent extraction, or cryogenic methods.27–31 After concentration, the analytes are separated 

via gas chromatography.3233 For qualitative analyses, two detectors are usually connected to the 

column in series or parallel configuration.34 For systems connected in series, the first module 

must perform non-disruptive analyses, posing some constraint to the detector choice. Parallel 

detectors can instead be disruptive, but splitting the sample causes loss of sensitivity.35 The 

most employed detectors are mass spectrometers,36 together with photoionization37 and flame 

ionization detectors.37All of them show high sensitivity and low detection limits, but requires 

trained users and continuous maintenance.  

In summary, qualitative techniques available for the detection of vapor analytes need complex 

sampling and analyses, therefore new qualitative methods that can minimize instrumentation 

are desirable for extensive on-site air monitoring of VOCs. Moreover, sensitive technologies 

that does not require large amount of air are desirable to apply these systems to packaging. 

1.1.3 New Colorimetric Technologies 

Sensors relying on color44–53 or photoemission38–43 variation  arising from the interaction 

between analytes and chemical targets are increasingly studied to allow devices with simpler 
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readout than current techniques. These detectors use arrays of targets with different reactivity 

that generate a characteristic color matrix allowing analyte identification via chemometric 

analysis. The receptors can be metalloporphirines,45,55 reducing agents,56 conjugated systems 

such as functionalized polyacetylenes49–51,57 or even mixture of labels.58,59 The main advantage 

of these sensors is their low cost, but the response transduction relies on the color variation of 

large matrices, which requires complex analysis and comparison with reference libraries. The 

response of a typical device is reported in Figure 1.2,54 where an array of 36 labels containing 

pH indicators, solvatochromic dyes, and metalloporphirines shows different colorimetric 

changes to vapors (Figure 1.2 a). The response is analyzed by a camera to extract a color 

difference matrix (Figure 1.2 b), that is then used to create a library of responses for analytes 

identification (Figure 1.2 c). A clear disadvantage of such systems is the complex procedure 

necessary to determine analyte species and concentrations. 

 

 

Figure 1.2: Chemically labelled colorimetric array sensor for vapor VOCs identification.54 

 

Unfortunately, the need for chemical targeting increases complexity of data interpretation. 

Moreover, determination of concentration levels is very difficult, and makes this technology 

hardly suitable for extensive monitoring of air quality and for packaging technologies. On the 
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other side of the coin, these colorimetric sensors demonstrate selectivity without collection of 

large amounts of air, analyte separation and specific laboratory equipment, thus strongly 

simplifying the qualitative assessment of vapor molecules.  

1.2 Assessment of Molecular Diffusion Coefficients in Polymers  

As mentioned previously, beside chemical analyses, this Thesis project aim evaluate the 

diffusivity of molecular species in polymer films. Assessing the presence of degradation 

byproducts or the diffusion of external hazardous molecules in the packaging could indeed 

increase shelf-life and device performances. While pakaging environment is commonly not 

assesed during the shelf-life, diffusion coefficients in polymer films are evaluated ex-situ 

measuring sorption rates of the molecular species in the polymer. These measurements are 

performed via gravimetric or pressure decay methods. In both cases a polymer film/slab is 

exposed to an analyte to determine its mass intake along the exposure (Figure 1.3). In 

gravimetric measurements the sample is placed in a chamber at constant temperature and 

pressure and the sample weight is monitored during the exposure.3 In the second case, the 

pressure of the chamber is not mantained constants and its decay is linked to the polymer mass 

intake.4-5 The sorption curves retrived are used to determine the diffusivity at the non-steady 

state and the equilibrium solubility at the steady state. Indeed, The sorption typically exhibits 

two regimes: a non-steady-state one regulated by the diffusivity of the molecules within the 

polymer matrix (red part of the curve in Figure 1.3), and a steady-state one that depends on the 

polymer-solvent equilibrium solubility at saturation (black part of the curve in Figure 1.3).  

 

 

Figure 1.3: Typical gravimetric sorption curve for a polymer slab. The red line highlight the 

diffusive regime, while the black color represent the accumolation regime.  
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For a thin polymer slab with thickness d, such that the diffusion of the molecular species cannot 

occour through the sides (one-dimensional diffusion), the variation of concentration c (z,t) 

along the z axis can be described by the second Fick’s law, 
𝜕𝑐

𝜕𝑡
= (𝒟

𝜕2𝑐

𝜕𝑧2
), where 𝒟 is the 

diffusion coefficient, 𝑐 is the concentration of the molecular species within the slab and 𝑧 is the 

diffusion distance. The boundary conditions are 𝑐 (z, t) = 0 at 𝑡=0 for each z, then at 𝑡 > 0 the 

surface concentration is equal to the equilibrium one, and 
𝜕𝑐

𝜕𝑧
= 0 at 𝑧 = 𝑑 for each t. Following 

this approach, one can espress the mass intake as decribed by Crank:6-7  

 

𝑀(𝑡)

𝑀(∞)
=

∆𝜆(𝑡)

∆𝜆(∞)
= √

𝐷𝑡

𝑑2
(√𝜋 + 2 ∑(−1)𝑛𝑖𝑒𝑟𝑓 (

𝑛𝑑

2√𝐷𝑡
)

∞

𝑛=1

)                    (1.1) 

 

where 𝑖𝑒𝑟𝑓 is the complex error function.6 For short exposure time, where 𝑀(𝑡) 𝑀(∞) ⁄ < 0.5 

the second term of Equation 1.1 can be neglected, and:6,8 

 

∆𝜆(𝑡)

∆𝜆(∞)
=

2

𝑑
√

𝒟

𝜋
√𝑡.                                                             (1.2) 

 

Therefore, 𝒟 can be evaluated from the angular coefficient of the linear part of the curve 

(Figure 1.3, highlighted in red). This approach assumes constant thickness of the polymer slab.9 

Beside gravimetric methods, other techniques such as microscopy10 and infrared absorption,11 

which remained substantially unchanged for the last few decades, are employed. As well as 

gravimetric techniques, these methods need dedicated equipment and cannot be performed in-

situ. Moreover, when very small polymer masses are involved, dedicated expensive and time 

consuming procedures such as nuclear magnetic resonance,12-13 infrared spectroscopy,14 and 

neutron reflectometry15 are needed. Some attempts to measure diffusivity in thin films via UV-

Vis spectroscopy have been done using chromophore analytes,16 but the use of these colored 

compounds aims to detect opportunely labelled molecules and then, it cannot be employed for 

uncolored species. In this scenario, research for new low-cost, simpler, and portable 

technologies to gather lab-on-chip devices is strongly pursued. 
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1.3 Distributed Bragg Reflectors (DBRs): Vapor Sensing Mechanism 

In regard of both the determination of vapor species and diffusion coefficients, PhC sensors 

could represent a paradigm changer. Many of these structures were demonstrated sensitive to 

chemical and biological molecules.17-25 The sensing process relies on the modification of the 

optical PhC response triggered by external perturbations, like analyte diffusion in the structure. 

In this sense, polymer an porous PhCs based on silk,26 cellulose and its derivatives,27-30 block-

copolymers,31-38 gratings,39-40 opals,29, 41-49 molecularly imprinted polymers, colloidal 

crystals,50-51 porous inorganic52-55 and hybrid56-57 multilayered structures, are highly sensitive 

to both liquid and gas analytes and offer low detection limits and high sensitivity. Among PhCs, 

low fabrication costs, ease of manufacturing and of integration in lab-on-a-chip devices made 

polymer and inorganic mesoporous DBRs60 interesting for the sensing of vapor molecules.61–67 

In particular, mesoporous multilayers made of sintered metal oxide nanoparticles processes 

from solution are highly researched.58 For this reason, we will use them as a benchmark for 

DBR sensing capabilities. DBRs consist in a stack of media with different refractive index 

alternated periodically (inset of Figure 1.4 a).68 Reflection and refraction at every interface are 

responsible for their PBGs, manifested as maxima in its reflectance spectra (see Appendix A.1 

and A.2 for details). Figure 1.4 b shows the calculated spectra for a polymer (black line) and a 

mesoporous inorganic (red line) DBR made of 15 +1 periods. The reflection peak assigned to 

the PBG of the inorganic DBR is more intense and about 5 times broader than for the polymer 

lattice. As explained in Appendix A.3, this difference arises from the high dielectric contrasts 

typical of inorganic material pairs compared to those available for polymers. 

 
 

 
 

Figure 1.4: a) Shecmatic of a DBR architecture. b) Calculated spectra for DBRs made of 

cellulose acetate and polystyrene (black line) and of TiO2 and SiO2 (red line).  
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While large dielectric contrast is desirable for light control applications (Chapter 7),69 it may 

hinder sensitivity and increase detection limit in sensing. Indeed, broad PBGs typically do not 

undergo large spectral variations. Then, polymer structures appear more suitable to this task.  

To illustrate the differences in the optical response of inorganic mesoporous and polymer 

DBRs, it is first necessary to explain their sensing mechanism in more details. The phenomena 

occurring in the DBR upon exposure to analyte vapors can be related to its spectral response 

by simple equations. As shown in Appendix A.4, the Bragg Snell’s law describes the spectral 

position of a DBR PBG (𝜆𝑏) as a function of the lattice periodicity (𝐷), its effective refractive 

index (𝑛𝑒𝑓𝑓) and the angle of incidence of light (𝜃): 

 

𝑚𝜆𝑏 = 2𝐷√𝑛𝑒𝑓𝑓
2 sin2 𝜃                                                   (1.3) 

 

When a molecule penetrates the DBR, its effective refractive index and/or periodicity are 

affected, modifying the spectral position of the PBG. The variation of the dielectric contrast 

also affects the intensity of the reflectance peak (𝑅) as described by Equations 1.4,   

 

𝑅 ∝ 1 − 4 (
𝑛1

𝑛2
)

2𝑁

                                                        (1.4) 

 

which defines the reflectance intensity as a function of the dielectric contrast and the number 

of periods (𝑁) in 𝜆/4 condition (See Appendix A). The PBG width (∆𝜔/𝜔0)  is also affected 

by the presence of the analyte. In 𝜆/4 condition, one can define the width as a function of the 

dielectric contrast: 

 

∆𝜔

𝜔0
=

4

𝜋

|𝑛2 − 𝑛1|

𝑛2 + 𝑛1
=

4

𝜋

∆𝑛

𝑛
.                                                 (1.5) 

 

These simple equations allow describing the differences in the optical behavior of DBR 

sensors during the penetration of an analyte.  
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1.3.1 Response in Inorganic and Polymer DBR Sensors 

As mentioned above, the dielectric contrast in the DBR can strongly affect its response. To 

explain this concept,  

Figure 1.5 compares the calculated responses to an analyte for inorganic porous and polymer 

DBRs. The spectrum of the inorganic structure is modelled for 4+1 periods of media with 

comparable thickness and volumetric porosity (black line of  

Figure 1.5 a). The spectrum shows a ~350 nm broad PBG which ranges from 430 nm to 790 

nm with intensity close to the unit in the entire range. When an analyte with refractive index 

𝑛𝑎 penetrates the porous DBR, being 𝑛𝑎 > 𝑛𝑎𝑖𝑟, the effective refractive index can only 

increase, and the PBG simply red shifts (blue line of  

Figure 1.5 a). The mechanical rigidity of the layers does not allow variations of 𝐷. Although 

the optical response of these systems is straightforward and easy to interpret, the broad PBG 

often makes evaluation of the overall spectral response difficult.73  

 

 
 

Figure 1.5: Schematic of the optical response induced by the analyte penetration in a) inorganic 

mesoporous and b) amorphous polymer DBRs. 
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For polymer DBRs, the lower dielectric contrast and sharp PBGs make the response much 

stronger. Moreover, the polymers ease of swelling (variation of D in Eq. 1.3) further enhances 

the response. The black line of  

Figure 1.5 b indicates the calculated reflectance spectrum for 10+1 periods of two polymers 

with comparable thicknesses and refractive indexes 𝑛𝐻 = 1.68 and 𝑛𝐿 = 1.46. The spectrum 

shows a maximum of reflectance at about 550 nm, with band width of ~100 nm. When an 

analyte penetrates the multilayer, it induces both thickness and refractive index variation. The 

final position and intensity of the PBG is then defined by the combined variation of 𝑛𝑒𝑓𝑓 and 

𝐷, as described by Equations 1.3 and 1.4. For sake of simplicity, we consider the variation of 

refractive index and thickness of a single medium at a time.  

Figure 1.5 b shows a schematic of the processes occurring after the intercalation of an analyte 

with refractive index 𝑛𝑎 = 1.5 within the DBR. When one of the polymer layers is swollen, D 

increases inducing a red shift of the PBG (green and red lines in  

Figure 1.5 b). Moreover, if the analyte induces a decrease of the dielectric contrast, the 

intensity and width of the PBG will decrease accordingly (green line), and vice versa.  

For what concern analytes permeation, polymer and mesoporous inorganic DBRs act as 

efficient membranes, where the permeation is ruled by diffusion mechanisms driven by a 

gradient of chemical potential at the two sides of the membrane. The ease of transport of each 

species is quantified by the membrane permeability (℘𝑖). In the case of photonic sensors, the 

driving force is provided by the different concentrations at the two side of the DBR. For ideal 

gases, the flow (𝐽 ) of a species through a membrane with thickness L along the diffusion 

direction can be related to the pressure difference (𝑝𝑖
′ − 𝑝𝑖

′′) by the Fick’s Law: 

 

𝐽 =
℘𝑖

𝐿
(𝑝𝑖

′ − 𝑝𝑖
′′)                                                             (1.6) 

 

Nowadays, DBR sensors rely on two main diffusion mechanisms. The first is typical of 

mesoporous structures, takes the name of Knudsen diffusion, and rules molecular diffusion in 

a membrane with pore dimension comparable or larger than the permeating molecules (Figure 

1.6 a). In this case, light and smaller molecules diffuse faster than those with larger size and 
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weight, also allowing molecular sieving (Figure 1.6 b). In the case of vapor and gas analytes, 

this process may also favor capillary condensation, which causes strong refractive index 

changes within the DBR and then a variation of the DBR spectral response much larger than 

for simple vapor permeation. The second mechanism is instead typical of polymer DBRs, 

which often behave as dense membranes where solution-diffusion rules the permeation. In this 

case, the permeating elements are first dissolved into the membrane and then diffuse through 

it (Figure 1.6 c).59-60 To be dissolved, these elements must have chemico-physical affinity with 

the dense matrix.  

 

 

Figure 1.6: a) Knudsen diffusion through pores and (b) molecular sieving; (c) solution 

diffusion through dense membranes.  

 

As mentioned above, the permeability of mesoporous DBR sensors, which allow capillary 

condensation and spectral responses, attract large interest in sensing.61-63 In this regard, Ozin’s 

group provided many examples of mesoporous structures made of silica, titania56 and clay64 

sensitive to toluene,65 ethanol,56 food degradation by-products66 and other organic molecules.64 

In this case, simple analysis of the PBG spectral shift to investigate the permeation process 

does not provide qualitative and quantitative information, and multivariate analysis must often 

be applied.64, 66 Mesoporous inorganic DBR sensors usually achieve detection of about 10-1 

ppm.9, 67-68  

Recently, polymer DBRs aroused considerable interest due to remarkable spectral responses 

amplified by the ease of swelling of macromolecules. Moreover, relatively sharp PBGs is 

advantageous in term of sensitivity and to lower the detection limit. Indeed, block copolymer 

DBRs demonstrated high sensitivity and optical responses easily detectable by the naked eye 

for analytes in the liquid phase.69-71 Concerning the detection of vapors, the first report on 
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polymer DBRs was by Convertino and co-workers. They demonstrated the detection of 

toluene, acetone and short chain alcohols using layers of a neat fluorinated polymer alternated 

to layers of the same polymer doped with gold nanoparticles fabricated by thermal vapor 

deposition.72-74 Following this work, Zappe et al. reported cross-linked DBR made of 

polystyrene (PS) and  poly (methyl methacrylate) (PMMA) sensitive to acetone and toluene.75-

76 However, from the fabrication point of view, chemical vapor deposition is costly and time 

consuming, while cross-linking introduces an additional step in the growth, which can be 

avoided using amorphous or even semi-crystalline polymers.  

 

 

Figure 1.7: Contour plots of a PPO:CA DBR transflectance spectra upon 25 minutes of 

exposure to a) benzene, b) 1,2-dichlorobenzene and c) carbon tetrachloride, and d) toluene. (e) 

Digital images of the sensor surface collected before (right) and After (left) exposure to the 

four vapors.9   

 

DBR vapor sensors fabricated by spin-coating of commodity polymers demonstrated 

sensitivity to several of organic solvents.9, 77-78 For instance, PS:CA DBRs, where the PS matrix 

was doped with ZnO nanoparticles to enhance free-volume and then permeability, showed 

toluene sensitivity below 1 ppm and lower detection limit of 20 ppm.77 In this case, selectivity 

relies on the different diffusion kinetics of the analytes within the DBR and on the steady state 

equilibrium response. Indeed, both the optical response and its kinetics are affected by physico-
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chemical solvent-analyte interactions, analyte molecular size, and polymer free volume. The 

mechanism was shown in DBRs made of alternated layers of CA and poly (p-phenylene oxide) 

(PPO) as active medium for aromatic compounds.9 PPO is well-known for its remarkable 

sorption properties correlated to its crystallinity.79-80 The analytes intercalation in the structure 

brings to guest induced crystallization of the PPO layers81 inducing changes in the refractive 

index and in the response kinetics.9 These last favor an easy recognition of very similar analytes 

in term of molecular size and polarity such as benzene and toluene, beside carbon tetrachloride 

and 1,2-dichlorobenzene (Figure 1.7 a-d).9 The response, can be perceived by the naked eye 

providing an easy to read safety system (Figure 1.7 e).9  

1.4 Flory-Huggins Photonic Sensors (FHPSs) 

Notwidstanding previous works clearly demonstrated that polymer-solvent interacion have a 

key role in sensitivity and selectivity of polymer DBRs sensors, these process were not fully 

understood yet. This Thesis proposes to describe these interaciton in terms of Flory-Huggins 

and Hildebrand parameters, which well describes the ability of a molecule to diffuse and 

interact with the polymer in the DBR sensors, and in turn the sensitivity to the analyte itself. 

For this reason, these sensors will be called Flory-Huggins photonic sensors.82-83 This 

Paragraph proposes then new FHPSs that can both work as label-free selective colorimetri 

sensors and be employed to determine the diffusion kinetics within the polymer matrices 

themselves via UV-Vis spectroscopy.  

As an ideal system to explain the working principle of FHPSs, we will employ the DBR 

sketched in Figure 1.8 a. The structure provides a typical optical response shown as a black 

line in the reflectance spectrum of Figure 1.8 b. The spectrum displays peak assigned to the 

PBG. When the DBR is placed in air polluted with a vapors, the molecules permeate into its 

structure, and can swell the one or both the mateirals composing the layers. As the diffusivity 

depends on the analyte solubilization, one can use the Flory-Huggins parameter 

(𝜒𝑎𝑝
𝐻 , neglecting entropic contribution) as in indicator for compatibility. 𝜒𝑎𝑝

𝐻  can be expressed 

as a function of the analyte molar volume (𝑉𝑀) and of the solubility parameter for the pairs. 

The latter is defined from the Hildebrand parameters of the two components of the mixtures 

(𝛿𝑃, 𝛿𝐴) as Δ𝛿2 = (𝛿𝑃 − 𝛿𝐴)2, which expresses the difference of cohesive energy between the 

analytes and the polymers, the smaller is Δ𝛿2, the larger is the solubility.84-85  
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𝜒𝐴𝑃
𝐻 = 𝑉𝑀 Δ𝛿2

𝑅𝑇
                                                              (1.7)  

 

where R is the gas constant and T the temperature.58 Then, the choice of suitable polymers as 

active media through their Flory-Huggins parameter would make them efficient detectors foe 

a variety of analytes in the vapor phase, and allows to extend the method to a large amount of 

chemical species. The interaction between the polymer and the analyte results in a variation of 

the thickness (swelling) and refractive index of the layers, and thus, of the light optical path 

(Figure 1.8 a). In turn, such variation affects the PBG spectral position, according Equation 

1.3. Indeed, the red line spectrum of Figure 1.8 b shows that after 90 min of exposure the PBG 

red-shifts of about 13%.86  

 

Figure 1.8: (a) Scheme of the intercalation of an analyte into FHPS, (b) reflectance spectra of 

a DBR before (black line) and after (red line) 90 min of exposure, (c) contour-plot of the 

temporal evolution of the FHPS spectra, and (d) normalized profile of the first (blue line) and 

second (open dots) order PBGs spectral position during the exposure.  

 

Figure 1.8 c illustrates the dynamics of the optical response as a contour plot where the 

exposure time and the wavelength are represented as the y- and as the x- axis respectively, 

while the reflectance intensity is reported as a color code. The PBG feature is visible in red-

tones, while the spectra background is represented in blue tones. The red-shift of the PBGs is 

initially very fast. Then, the dynamics slows down, and the system reaches the equilibrium. To 

highlight the temporal evolution of PBG spectral positions, Figure 1.8 d shows the maximum 
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of intensity of each spectrum collected, which correspond to the PBG, versus the exposure 

time. These data represent then the dynamic evolution of the PBG after normalization by the 

respective value of shift at the steady-state. These dynamic responses can be employed as the 

gravimetric sorption curves described in Paragraph 1.2.6 Indeed, the penetration of a molecular 

species into the polymer films and their possible swelling affect both the refractive indexes 

(𝑛𝐿 and 𝑛𝐻) and geometrical thicknesses (𝑑𝐿 and 𝑑𝐻) of the layers. In turn, their optical 

thickness (𝑛 ∗ 𝑑) is modified. Because for vapor analytes ∆𝑑/𝑑(0) ≫  ∆𝑛/𝑛(0),77, 87-90 we can 

assume that the refractive index variation is negligible during the swelling process, 𝑛(0) ≈

𝑛(𝑡) ≈ 𝑛(∞) (see also Paragraph 1.3.1).82 Then, because the volume variation occurs only 

along one direction, we can derive that, for additive volumes, the absorbed vapor mass, M(t), 

is proportional to the variation of thickness, which in turn affects the PBG spectral position.  

 

𝑀(𝑡)

𝑀(∞)
÷

𝐿(𝑡) − 𝐿(0)

𝐿(∞) − 𝐿(0)
÷  

∆𝜆(𝑡)

∆𝜆(∞)
                                           (1.8) 

 

where 𝑀(∞) is the mass of the molecular species permeated through the polymer film at the 

equilibrium obtained for an infinite exposure time (𝑡 → ∞), 𝐿 = 𝑑𝐻 + 𝑑𝐿 , ∆𝜆 is the spectral 

shift of the PBGs at time t and at the equilibrium.  Therefore, an effective diffusion coefficient 

𝒟𝑒𝑓𝑓 can be evaluated from the angular coefficient of the linear part of the sorption curve of 

Figure 1.8 d, reported as ∆𝜆(𝑡)/∆𝜆(∞) versus √𝑡. This approach assumes constant thickness 

and refractive index of the polymer slab accordingly to Crank model reported in Paragraph 

1.2.6 If we consider the early stages of the uptake process for which the thickness variation is 

below 20% of the total value, from Equation 1.2 we can derive 𝒟𝑒𝑓𝑓, with an error below 10%.9 

Similarly, the curves can be employed to distinguish the analytes diffusion kinetics, and then 

to identify them allowing to obtain information of the diffusing species and its diffusion 

coefficient with a single optical measurement. 
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2 Chapter 2: Experimental Procedures  

 

 

 

 

 

 

 

 

 

 

 

In the previous Chapter we observed that the strong spectral response and ease of fabrication 

of polymer structures, also on the square meter area scale, promise new generation lab-on-a-

chip sensor that can be used without complex instrumentation and can be potentially 

implemented into packaging systems. This motivation drove us to develop new selective and 

selective polymer FHPSs, which beside the capability to identify and quantify vapor analytes, 

are powerful tools to assess the diffusivity of the latter within polymer matrices via UV-Vis 

spectroscopy. In this part, we describe methodologies and characterization techniques used 

through the Thesis work.  

 

 

 

 

This section is substantially published at:  

Lova, P.; Megahd, H.; Comoretto, D. Thin Polymer Films: Simple Optical Determination of Molecular Diffusion Coefficients. 

ACS Applied Polymer Materials 2020, 2, 563-568 

Lova, P. et al. Flory-Huggins Photonic Sensors for the Optical Assessment of Molecular Diffusion Coefficients in Polymers, 
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Distributed Bragg Reflectors for Vapor Sensing. ACS Photonics 2015, 2, 537-543.  
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2.1 Fabrication of FHPSs 

The FHPSs were fabricated by dynamic spin-coating deposition of alternated solutions of high 

and low refractive index polymers.1 The polymer-solvent couples employed were chosen to 

ensure sufficient dielectric contrast, mutual processability and optical response to the selected 

analytes (See Paragraph 3.2). The three systems investigated in this study are listed below: 

1. PS:CA DBR - made of polystyrene (PS, Sigma Aldrich MW = 92 000) dissolved in 

toluene and cellulose acetate (CA, Sigma Aldrich, MW = 61 000) dissolved in 

diacetone alcohol. 

2. PSZnO:CA DBR - This system is prepared like the previous one but the PS solution 

is loaded with ZnO nanoparticles synthetized via solvothermal route, modified and 

loaded as reported in details in Section 2.1.1.2-3 

3. PVK:Hy DBR - made of poly-(N-vinylcarbazole) (PVK, Acros Organics, MW = 40 

000) dissolved in toluene and Hyflon AD polymer (HY, Solvay Specialty Polymers). 

All the polymers solutions had concentrations ranging from 30 to 50 mg/ml and were casted 

using rotation speed ranging from 120 RPS to 200 RPS. 

Chapter 5 also reports the use on unstructured commercial polymeric films as sensors and the 

evaluation of diffusion coefficients in these matrices by optical spectroscopy. In this case a 

commercial polyvinyl chloride (PVC) cling film was employed. For the sensing measurements 

the film was supported on a silicon substrate to enhance back-reflectivity and simplify the 

measurements. 

2.1.1 ZnO nanoparticles Synthesis and modification  

To fabricate the PSZnO:CA DBR, ZnO nanoparticles were synthetized via a solvothermal route 

and their surface was modified to favor their dispersion in the non-polar polystyrene matrix. 

The modified nanoparticles were then loaded in polystyrene solutions used to grow thin films 

and DBRs by spin coating.  

ZnO nanoparticles were synthetized from zinc acetate dihydrate and potassium hydroxide. In 

a typical process, 0.07 mol of zinc acetate are dissolved in methanol and heated at 63 °C under 

sonication. Then, 0.14 mol of potassium hydroxide are dissolved in the same solvent and slowly 

added to the first solution. After 3 hours of reaction, the particles are purified by five cycles of 

decantation and washing with methanol, and finally dried.  
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ZnO formation is attributed to the acetate hydrolyzation initiated by the alcoholic solvent 

(Figure 2.1, reactions 1 and 2) and a further esterification between the hydrolyzed acetate 

molecules (reaction 3). The esterification produces ZnO and water by condensation.6, 7 

 

Figure 2.1: Mechanism of ZnO nanoparticles formation. 

 

To avoid particles aggregation, responsible for light scattering in the non-polar polystyrene, 

methoxy (dimethyl) octadecylsilane (DMMOS) was grafted on their surface. To achieve the 

grafting, 10 g of nanoparticles were dispersed in 30 ml of methanol and sonicated. Then, 70 ml 

of dichloromethane containing 2.5 g of DMMOS were added to the dispersion. The overall 

dispersion was then sonicated until complete evaporation and desiccated in a vacuum at 40 °C 

for 2 h. The reaction between the surface and the adsorbed DMMOS was run at 135°C under 

nitrogen flux for 2 h.8  

The graft reaction between the surface and the adsorbed DMMOS consists in the formation of 

a covalent bond between the only DMMOS functional group (-OCH3) and the ZnO 

nanoparticles hydroxyl groups (Figure 2.2).  

 

http://www.sigmaaldrich.com/catalog/product/aldrich/40955
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Figure 2.2: Mechanism of ZnO nanoparticles grafting. 

 

To fabricate the nanocomposite thin films, the grafted ZnO nanoparticles were dispersed into 

toluene solutions of polystyrene (Sigma Aldrich, MW = 200000) and stirred for more than 36 

h at room temperature. The thin films were grown by dynamic spin coating of colloidal 

solutions with polystyrene concentration ranging from 3 to 5 % (w/v) and nanoparticle load of 

1% (v/vPS).  These films were then alternated to layer of cellulose acetate (Sigma Aldrich, MW 

= 61 000) dissolved in diacetone alcohol. The polymer concentrations ranged from 3 to 5 % 

(w/v) and the rotation speed during the deposition was kept at about 100 rps. 

 

2.2 FHPSs Optial Characterization 

The optical characterization of all the DBRs was performed trough reflectance measurement 

with a home-made setup. For the analysis, we used a Y-fiber probe made of a bundle of 7 

fibers, 6 of which connecting the light source to the sample and 1 for light collection, which 

connects the sample to the spectrometer (Figure 2.3). The fiber is coupled to an AvaSpec-2048 

spectrometer (200−1150 nm, resolution 1.4 nm). The light source is a halogen-deuterium 

Micropak DH2000BAL. The setup allows measuring a wide spectral range (200 nm to 2600 

nm) with resolution of 1.5 nm. 
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Figure 2.3: Schematic of the experimental setup used for normal incidence reflectance 

measurements. 

 

2.3 FHPSs Optical Response to Vapors 

The optical response of the FHPSs to vapor analytes was assessed with a home-made system 

similar to the one shown in Figure 2.3. In this case, the reflectance probe is substituted by an 

immersion probe endowed with a small open chamber containing a scattering surface (Figure 

2.4 ).4-7 The sample is positioned within this chamber at normal incidence with respect to the 

impinging light. The collected signal consists of the sum of the light reflected from the sample 

and part of the light scattered from the holder.  

 

 

Figure 2.4: Schemes of an immersion probe used for sensing measurement. 
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The optical response to vapor analytes was measured immersing the probe containing the 

sample into a sealed tube at room temperature and humidity, typically 20 °C and 70% and 1 

atm. The tube is loaded with 0.5 ml of liquid analyte to saturate the atmosphere. The analytes 

tested in this Thesis, their thermodynamic parameters together with the motivation that led to 

their choice are described in Chapters 3, 4, and 5.  

2.4 DBRs and FHPSs Modeling  

DBR thickness was estimated via modelling of their reflectance spectra using a home-made 

Matlab® software based on the Transfer Matrix Method (TMM) described in Appendix A.5. 

The software inputs are: 

• A vector (𝐿) containing the wavelength sampled with interval (𝐼𝐿). 

• A vector containing the angles of incidence (𝑇) sampled with interval (𝐼𝑇). 

• The geometrical thickness of the substrate (𝑑𝑠) low (𝑑𝑙) and high (𝑑ℎ) refractive media. 

• Three vectors containing the complex refractive index dispersion of the two dielectric 

media (𝑛𝑙 , 𝑛ℎ) and of the substrate (𝑛𝑠). 

• The geometry of the system in terms of number and order of periods. 

Given these inputs, the software calculates the global matrix for the given geometry and returns 

six matrices with size TxL containing the reflectance and transmittance spectra for P and S 

light polarization, as well as for unpolarized light. 

2.5 Other Characterizations 

Some of the FHPSs required specific characterizations or preparation methodologies, in the 

following we briefly describe the methods employed.  

2.5.1 Thin Film Geometrical Thickness Variations 

The thicknesses variation of PS and the CA single films during vapor exposure casted on glass 

substrates were measured by light interferometry using an interference microscope GBS smart 

WLI with a 20x interference objective.8 The measurements were done placing the sample in a 

container loaded with the analyte and endowed with a small observation aperture. This set-up 

does not allow full saturation with the analytes but allows to gather qualitative information 

about the interacting layer in the FHPS. 
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2.5.2 Thin Film Morphology 

The surface morphology of FHPSs before and after exposure to certain analytes was assessed 

to investigate possible irreversible effects of the exposure. The morphology of the FHPS was 

investigated by atomic force microscopy using a Nanosurf microscope on an area of 10 μm x 

10 μm with a sampling rate of 512 points/line.  

2.5.3 Composition of Commercial Polymer Films 

Raman spectroscopy was employed to assess the composition of the commercial polymer films 

reported in Chapter 5. The Raman spectrum of the film was collected in the range 400-2000 

cm-1 with a Rigaku XantusTM-1 using excitation at 1064 nm with power of 400 mW.  

2.5.4 Surface Activation Treatments  

Due to the low surface energy of HY, after the deposition of each HY layer a low power O2-

N2 mixtures vacuum plasma treatment (15 W, 30 s) was performed to improve PVK adhesion 

by using a Gambetti Colibri system.9 The surface wettability was then assessed for 24 h by 

water drop contact angle. The measurement were done with a Theta Lite optical tensiometer 

by Biolin Scientific10 using the sessile drop technique.11 
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3 Chapter 3: FHPSs for Label-Free Selectivity and Determination 

of Diffusion Coefficients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This Chapter reports on commodity polymer multilayers as proof-of-principle systems to 

demonstrate that FHPSs sensitivity and selectivity can be explained in term of Flory-Huggins 

interaction parameters. It reports on the optical response of PS:CA multilayers to five short 

chain alcohols, the determination of their diffusion coefficient in the polymer matrix, and their 

recognition, also in binary mixtures. Eventually, sensitivity, lower detection limit and 

reversibility of these systems will also be reported. 

 

This section is substantially published at:  
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Chapter 1 summarizes previous findings in the field of polymer multilayered sensors for vapor 

analytes employng UV-Vis spectroscopy. In this regard, label-free selectivity was achieved 

using phase-transition polymers providing different analytes diffusion kinetics. Based on these 

findings, this Thesis proposes to use such kinetics to quantify the diffusion coefficient of the 

molecular species into the polymer multilayers. This Chapter aims to demonstrate the 

feasibility of the method proposed in Paragraph 1.4 using FHPSs made of commodity 

polymers. The possibility to relate the permeation kinetics of the molecular species to the 

simple FHPS optical response could indeed lead to a new powerful tool able to determine vapor 

diffusivity into polymer multilayers and to operate efficient vapor label-free qualitative 

analyses, also suitable in-situ. This could make colorimetric sensors interesting for safety 

devices, industrial, households, and offices pollution monitoring and in food industry.1  

The FHPSs sensor object of this study are made of 31 alternated layers of PS and CA. The 

FHPS spectrum shows three maxima of reflection located at 845 nm, 430 nm and 300 nm 

corresponding to the first order PBG and its two higher order replicas (Figure 3.1, black line). 

The spectrum background displays a Fabry-Pérot pattern typical of DBR structures. All these 

spectral features were modelled in the range between 290 nm and 1150 nm using the TMM 

formalism reported in Chapter 2 and Appendix A.51-2 using the refractive index of PS and CA3 

as inputs and the layer thicknesses as fitting parameters. The red line of Figure 3.1 shows the 

calculated spectrum which, in full agreement with the experimental data, provides thicknesses 

of 160 nm for PS and 111.5 nm for CA for a total FHPS thickness of 4232 nm.  

 

 

Figure 3.1:Experimental (black line) and calculated (red line) spectra of the PS:CA FHPS 

sensors. 
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The optical reponse of this system was registered for a chemical series of short chain alcohols 

with chemico-physical properties scaling with the number of carbons. The sensors were then 

divided into five portions, which were exposed to methanol (MeOH), Ethanol (EtOH), 1-

propanol (1POH), 2-propanol (2POH), and 1-butanol (BuOH). These analytes were chosen for 

two reasons. First, owing to  similar molecular weight and comparable Van der Waals volumes, 

polarity, hydrogen bonding, and volatility, their discrimination is challanging. Second, the 

ability to disentangle these alcohols and to study polymer barrier properties to ther vapors is 

imprtant to prevent toxic effects. Indeed, while EtOH is used in food industry, MeOH, which 

is a byproduct of EtOH fermentation, generates toxic effects in both acute and cronic forms4-6 

Moreover, 1POH and 2POH share a similar structure, physical properties, and applications, but 

2POH is less toxic than 1POH and finds applications in many antibacterial and personal care 

products.6 Similarly, BuOH, which is interesting for biofulel,7 shows a very low toxicity, but 

causes eye and skin irritation and is harmful if inhaled.6 

3.1 FHPS Response to Alcohol Vapor Exposure 

Figure 3.2 displays the FHPS optical response to MeOH (a, a’), EtOH (b, b’), 1POH (c, c’), 

2POH (d, d’) and BuOH (e, e’) vapors. At a first look, the responses are rather complex and 

characterized by very different kinetics and spectral behaviors. However, these data allow to 

recognize the analytes. In details, when exposed to MeOH, the first two PBGs are initially 

located at 845 nm and 430 nm, respectively (Figure 3.2 a). These features are visible in red-

tones, while the spectra background is represented in blue tones. The red-shift of the PBGs is 

initially very fast, and reaches ~80% of the final value within the first 10 min of exposure. 

Then, the dynamics slows down, and the system reaches the equilibrium in 90 min. Figure 3.2 

a’ shows the maximum of intensities for the first order PBG versus the square root of the 

exposure time after normalization by the shift observed at the steady-state (~90 min, 1∞ = 

100 nm).  

In EtOH, within 600 min of exposure the two spectral features assigned to the PBGs red-shift 

of ∆𝜆∞1 𝐸𝑡𝑂𝐻 = 153 𝑛𝑚, ∆𝜆∞2 𝐸𝑡𝑂𝐻 = 64 nm. Again, at the begin of the exposure the shift is 

faster than at longer times. The analyte uptake increases until 𝑡 =325 min (√𝑡=18 min1/2). Then, 

the band position oscillates within less than one twentieth of ∆𝜆𝑡 ∆𝜆∞⁄  (Figure 3.2 b’). This 

behavior is assigned to the relaxation and rearrangement of the polymer chains from stresses 

associated with the swelling.8 This phenomenon, was already observed for CA,9 and it is known 



Label-Free Selectivity and Diffusion Coefficients       Chapter 3 

44 

to slow down the permeation process. Indeed, the relaxation corresponds to a chain 

rearrangement resulting in a slower uptake rate owing to cooperative movements of polymer 

segments necessary to make larger volume changes. Under this condition the permeation 

mechanism leads to additional uptake of molecules with a first order kinetics and induces a 

non-Fickian deviation of the sorption curve at the long time scale.10 A similar behavior is 

visible for all the other analytes but for MeOH. 

Concerning the exposure to 1POH, the kinetics is slower than in the previous cases, and PBG 

shifts of ∆𝜆∞1 1𝑃𝑂𝐻 = 180 nm and ∆𝜆∞2 1𝑃𝑂𝐻 = 85 nm are reached in ~ 1500 min (Figure 3.2 

c). In this case, the shift of the PBG appears almost monotone till t=600 min (√𝑡 >25 min1/2). 

Then, it shifts to the blue (decrease of ∆𝜆𝑡 ∆𝜆∞⁄ ) and suddenly shifts again to the red part of 

the spectrum several times (increase of ∆𝜆𝑡 ∆𝜆∞⁄ , Figure 3.2 c’). This behavior is assigned to 

slow intercalation kinetics, which swells the FHPS layers one by one from the top to the bottom 

of the sample.1-2  

In the case of exposure to 2POH, the PBGs reach a red-shift of ∆𝜆∞1 2𝑃𝑂𝐻 = 182 nm and 

∆𝜆∞2 2𝑃𝑂𝐻 = 90 nm respectively within 600 min. The entire shift is characterized by a 

discontinuous behavior. Indeed, the first order PBG initially moves of ~50 nm to the long 

wavelength side of the spectrum, then suddenly shifts back to the blue in ~100 min (Figure 3.2 

d and d’) and then move again to the red monotonically for 200 mins. At this time, the peak 

suddenly shifts of ~ 70 nm from 900 nm to 970 nm. Here the stationary condition is almost 

reached. Indeed, the sorption curve of Figure 3.2 d’ approaches the plateau. At longer time, we 

notice other discontinuities in the band position assigned to self-stress relaxation.  

The exposure to BuOH displays a similar optical behavior with respect to 2POH. The first 

order PBGs undergoes the largest shift at the equilibrium conditions, which corresponds to 

∆𝜆∞1 1𝐵𝑢𝑂𝐻 = 220 nm and ∆𝜆∞2 1𝐵𝑢𝑂𝐻 = 100 nm. In Figure 3.2 e and e’, the position of the 

PBG moves to the red part of the spectrum discontinuously. After an initial shift from 845 nm 

to 861 nm, at 50 min of exposure the peak suddenly shifts to 820 nm. Then, it linearly moves 

to 940 nm at ~300 mins. At this time, the PBG starts oscillating within a 60 nm interval, 

corresponding to a ∆𝜆𝑡 ∆𝜆∞⁄  ~ 0.25. Last, we notice again a discontinuity of ∆𝜆𝑡 ∆𝜆∞⁄  at 50 

min (√𝑡 = 7 min1/2) and relaxation of the polymer chains after 890 min (√𝑡 = 17 min1/2). 
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Figure 3.2: Optical response of the FHPS for exposure to (a-a’) MeOH, (b-b’) EtOH, (c-c’) 

1POH, and (d-d’) 2POH and (e-e’) BuOH. (a-e) entire spectral response. (a’-e’), Optical 

sorption curves retrieved from the spectral position of the first order PBG.  

 

In summary, the curves show two behaviors; the first characterizes the sorption of MeOH and 

EtOH and consists in a linear increase of the analyte intake followed by the steady-state regime. 

The second, observed for 1POH, 2POH and BuOH, shows several discontinuities in the PBG 
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position that occurs both at the steady and at the non-steady state regimes. In agreement with 

previous findings,1-2 in the case of alcohols with larger steric hindrance (C3-C4), the 

intercalation is slower, and the layers swell gradually from the top one in contact with air to 

the bottom one in contact with the substrates.1-2 The presence of swollen and un-swollen layers 

breaks the DBR order destroying the PBG and creating those discontinuities. Conversely, 

discontinuities at longer exposure time, can be assigned to relaxation and rearrangement of the 

polymer chains from stresses associated to the large swelling induced by the intercalation, as 

already reported in literature.8 

3.2 Detemination of Diffusion Coefficients 

According to Equation 1.2, the optical sorption curves can be used to assess the effective 

diffusion coefficient of the analytes in the whole polymer composite (𝒟𝑒𝑓𝑓) from their angular 

coefficient and the initial thickness of the FHPS.1, 3, 11 The slope of the optical sorption curves 

has then been retrieved within their interval of linearity for values of ∆𝜆𝑡 ∆𝜆∞⁄  < 0.2 (Figure 

3.2), while the value of ∆𝜆∞ was evaluated as the average ∆𝜆 in the plateau region of the curves. 

The values of 𝒟𝑒𝑓𝑓 are summarized in Table 3.1 and Figure 3.3 a where the data are also 

compared with results available in literature for MeOH and EtOH.9, 12  

 

Table 3.1: Steric and chemico-physical parameters of the species and retrieved 𝒟𝑒𝑓𝑓. 

 

𝒗 

(Å𝟑)13 

δ 

(MPa1/2) 14-17 𝝌𝒆𝒇𝒇
𝑯  

∆𝝀∞ 

(nm) 

𝓓𝒆𝒇𝒇 

(cm2 min-1) 

LOD 

(mg/l) 

Sensitivity 

(min-max) 

MeOH 67.6 29.6 1.22 100 2.5*10-8 29 19.5 – 0.8 

EtOH 97.1 26.1 0.81 141 7.9*10-10 12 15.6 – 0.9 

1POH 124.9 24.4 0.64 180 3.8*10-11 12 6.1 – 2.9 

2POH 127.5 23.6 0.56 182 2.2*10-11 6 13.4 – 3.5 

BuOH 151.9 23.3 0.65 220 4.2*10-11 64 6.3 – 1.0 

PS - 18.7 - - -   

CA - 27.2 - - -   

𝑣=Van der Waals volume, δ=Hildebrand parameter, 𝜒𝑒𝑓𝑓
𝐻 =effective Flory-Huggins parameter, ∆𝜆∞=PBG shift 

at the equilibrium, 𝒟𝑒𝑓𝑓 =effective diffusivity within the DBR. 

 

The diffusivity of MeOH in CA has been reported as 8-9 x 10-8 cm2s-1 while for PS it is 1.4 x 

10-8 cm2s-1 (at 55°C),25,37 in full agreement with the effective values retrieved for our composite 
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PS-CA DBR. For EtOH, the literature proposes 1-7 x 10-10 cm2s-1 for CA and 9 x 10-10 cm2s-1 

(at 55°C) for PS,9, 12 again in agreement with our data. Concerning the other alcohols, 1POH 

shows diffusion coefficient of 3.8 x 10-11 cm2s-1, for 2POH we retrieved 2.2*10-11 cm2s-1, while 

for BuOH 4.2*10-11cm2s-1. 

Because, the behavior of the sorption curves, and in turn 𝒟𝑒𝑓𝑓, can be affected by the analyte 

steric hindrance and by its chemico-physical affinity with the polymers. Figure 3.3 a compares 

the values of 𝒟𝑒𝑓𝑓 with the effective FHPS-analytes Flory-Huggins parameters (𝜒𝑒𝑓𝑓
𝐻 , see 

Equation 1.2) calculated form the volume fraction of PS and CA within the DBR and neglecting 

the entropic contribution.13 The panel b of the same Figure compares instead the FHPS PBG 

shift at the equilibrium, with the Van Der Waals volume of the analytes. Interestingly, the latter 

are strongly correlated to ∆𝜆∞, and then to the polymer swelling. Conversely, there is a strong 

correlation between 𝒟𝑒𝑓𝑓 and 𝜒𝑒𝑓𝑓
𝐻 , and in turn with the solubility parameters between the 

polymers and the analytes (Figure 3.3 a and c).16  

 

 

Figure 3.3 (a) Comparison between the retrieved value of 𝒟𝑒𝑓𝑓 for the five alcohols with 

literature data for CA and PS,9, 12 and effective Flory-Huggins parameter (𝜒𝑒𝑓𝑓
𝐻 ). (b) 

Comparison of the FHPS ∆𝜆∞  for five alcohols and the alcohol Van der Waals volumes. (c) 

Solubility parameters for the five alcohols with PS and CA. 
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Figure 3.3 c shows that, within the alcohols, the solubility of CA is larger than the solubility of 

PS and it is roughly constant. Conversely, for PS ∆𝛿2 decreases with the molecular weight of 

the alcohols, affecting also χeff
H . These data prove that the decrease of 𝒟𝑒𝑓𝑓 with the increase 

of the analyte molecular weight (panel a) is not linked by their solubility in the CA layers but 

in PS, which act as reservoir slowing down the analyte diffusion. Then, CA plays as the active 

medium undergoing swelling, while PS rules the diffusion kinetics. This information provide 

a general rule for the design of FHPSs, which requires a polymer with large solubility in the 

analyte to swell and provide the sensor with sensitivity, and a second polymer with lower 

solubility that act as barrier layer ruling the diffusion kinetics of the analytes and providing the 

sensors with selectivity. Then, knowing the Flory-Huggins and Hildebrand parameters for the 

polymer-analyte couples, it is potentially possible to design a selective sensor for any class of 

chemical compounds without using any chemical label.  

This interpretation is also confirmed by the measurements of thickness variation measured by 

interference microscopy upon MeOH exposure of single PS and CA films (Figure 3.4).  

 
Figure 3.4:Measured PS and CA thicknesses during MEOH exposure by interference 

microscopy. 

 

Figure 3.4 reports the polymer swelling as the percent variation with respect to the initial 

thickness value and shows that when CA is exposed to MeOH (green dots), the layer doubles 

its thickness within the first 25 minutes of exposure. Conversely, when PS is exposed to MeOH, 

thickness varies within ±5% with respect to the initial value, that is the instrumental sensitivity. 

These data confirm that CA is the only polymer interacting with MeOH. Notice that the values 

obtained for these single layers are not comparable with those of the same polymers within the 
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FHPS, where layer confinement constrains the swelling. Then, these measurements represent 

the upper limit for the swelling values.  

3.3 Label-Free Selectivity 

This simple and powerful optical method for the determination of 𝒟𝑒𝑓𝑓 also applies to the 

discrimination of the analytes. Figure 3.2 and Figure 3.3 show that even molecules with very 

similar structure and properties, such as 1POH and 2POH, provide a very different optical 

sorption kinetics and then different values of 𝒟𝑒𝑓𝑓. The optical sorption curves the dynamic of 

the overall FHPSs responses are indeed characteristic fingerprints of the analytes.1-2 Moreover, 

the large spectral shifts make possible to discriminate the analytes also at short times. As an 

example, Figure 3.5 shows the spectra of the FHPS collected before and after 50 min of 

exposure to the five alcohols. While the sample initially shows two PBGs at ~845 nm and 430 

nm, when exposed to MeOH, the PBGs width increases, and their spectral position shift to 931 

nm and 474 nm, respectively. For EtOH the shift is smaller and the PBGs reaches 919 nm and 

465 nm. 1POH instead provides a reduction of the peak width which, after 10 min of exposures 

moves to 861 nm and 436 nm. Concerning BuOH, the alcohols with higher molecular weight, 

its intercalation induces disorder and inhomogeneous broadening of the PBGs, which reaches 

maxima of intensities at 860 nm and 425 nm after the exposure. The dynamics of these spectral 

responses are shown in Figure 3.5 b and d for the five alcohols as contour plots.  

The simple colorimetric analysis and the assessment of the entire diffusion kinetics represent 

an effective method for the discrimination of the analytes. On the other hand, analyzing the 

entire curves is rather complex, time consuming, and does not allow to easily distinguish 

mixtures. To achieve this goal and simplify data interpretation, one must consider that the 

dynamical optical responses are a typical playground for multivariate analyses, and then a 

principal component analysis (PCA) can be applied to disentangle pure analytes and their 

mixtures. Figure 3.5 g shows that the response can be described using only two variables 

(principal components PC1 and PC2) instead of the entire dynamics. We can indeed easily 

distinguish the five alcohols (squares) and binary mixtures of MeOH and BuOH. Such result 

represents a promising approach for the identification of complex mixtures in real systems. 
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Figure 3.5: (a) Reflectance spectra before (black line) and after 50 min of exposure to the five 

analytes. (b-f) Contour-plots of the dynamic FHPSs response. (g) Power component analysis 

of the FHPS response for pure analytes and for  MeOH:BuOH binary mixtures.  

 

3.4 Response Time, Sensitivity and Lower Detection Limit 

To evaluate the quantitative figures of merit of the FHPS, we exposed it to different 

concentrations of pure vapor analytes. The data displayed in Figure 3.6 a were retrieved for a 

FHPS made of 5.5 bilayers with PBG tuned at 450 nm, where the thinner layers and the smaller 

number of films allows responses almost 20 times faster than those seen so far. The plot reports 
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the response as the FHPS PBG shift obtained after only 5 min of exposure. The data were 

collected in concentration ranging from the analyte vapor pressure to the limit of detection 

(LOD) of the FHPS, that is the concentration inducing spectral shift as large as the spectrometer 

resolution (1.5 nm) within 5 min. Intuitively, increasing the response time, it is possible to 

further decrease the LOD. The LOD ranges from a minimum of 6 mg/l for BuOH to a maximum 

of 65 mg/l for 2 POH. Table 3.1 helps to evince that for linear alcohols the longer the carbon 

chains, the smaller is the LOD. For non-linear 2POH instead, the slow response induced by the 

steric hindrance of the molecules produces larger LOD.  

 

 

Figure 3.6: (a) PBG spectral shift collected after 5 minutes of exposure to different 

concentration of the five alcohols. The concentration ranges from the analyte vapor tension to 

the LOD of the sensor. (b) FHPS sensitivity at the different concentrations.  

 

To evaluate the sensitivity of the devices we fitted the response of Figure 3.6 a with a first order 

kinetics and calculated the minimum concentration variation detectable by our optical system, 

which corresponds to a PBG optical shift of 1.5 nm. Such data are reported in Figure 3.6 b and 

show that due to the exponential dependence of the PBG shift with increasing concentration, 

the sensitivity of the system varies for different concentration intervals in the range 0.8-16 mg/l 

from the largest concentration to the smallest  concentration of MeOH. The values for the other 

alcohols are within this range. The sensitivity is in full agreement with data previously reported 

in literature for other polymer photonic crystal sensors.1, 18 
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3.5 Reversibility 

Last, concerning the reversibility of the FHPSs, Figure 3.7 shows the spectra collected during 

five cycles of exposure (panels a-e) and desorption (panels a’-e’) to MeOH vapors for a FHPS 

with PBG tuned at about 460 nm.  

The spectral behavior of the FHPS during the first exposure cycle (Figure 3.7 a) is consistent 

with the one reported for the sample with PBG tuned in the near infrared part of the spectrum 

reported in Figure 3.2. On the other hand, the kinetics of the first is 18 times faster than the 

latter owing to the thinner polymer layers. In this sample the equilibrium is indeed reached 

within 5 minutes of exposure. This data demonstrates that modifying the thickness of the layers, 

and in turn the PBG spectral position, it is possible to tune the response time, and consequently 

the limit of detection and the sensitivity of the FHPS.  

The spectra collected during the first MeOH desorption (Figure 3.7 a’) display that the PBG 

position return from the equilibrium position reached in 300 s of exposure to its initial position 

in about 1 minute, indicating desorption and deswelling of the polymer layers. The sample was 

then exposed and desorbed other four times without performing any treatment between the 

cycles. The sample shows similar swelling (a-e) and de-swelling (a’-e’) behavior, but the 

spectral position of the PBG at the equilibrium (at 300 s in panels a-e) is different in any cycle, 

testifying a lack of full reversibility. The partial reversibility can be explained analyzing the 

atomic force microscope micrographs collected for the sample before (Figure 3.7 f) and after 

(Figure 3.7 f’) the 5 cycles of exposure and desorption. While the surface of the sample before 

the exposure appears smooth (roughness about 1.9 nm) with only few irregularities embedded 

in the polymer during the deposition, after the 5 cycles the surface appears much rougher 

(roughness 13 nm) with the presence of globules, probably due to a variation of the polymer 

morphology occurred during the several swelling processes.  

Even though we cannot exclude that reversibility could be achieved through thermal treatment, 

such characteristics makes these FHPSs interesting as disposable sensors, similarly to the 

colorimetric quantitative test tubes already available on the market (See Paragraph 1.1.1), but 

with the capability to perform qualitative analytìses.19 
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Figure 3.7: Contour plot of the spectra collected during 5 cycles of exposure (a-e) and 

desorption (a’-e’) of the same sample to methanol vapor with concentration 238 mg/l. Atomic 

force microscopy of the sample surface before (f) and after the 5 cycles of exposure and 

desorption.   
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The optical transductors are few millimeters in size and fully processed from solution using 

commodity polymers. Furthermore they can also be grown over square meters by 

coextrusion,20-23 a technique widely used in the industrial production of packaging,19, 24 making 

realistic the production of FHP sensors on large scale and at low costs. Exploiting the 

fundamental thermodynamic of polymer-analyte mixtures allows then to engineer FHPSs 

affinity with degradation by-products or harmful chemical species. We envision their 

integration in smart packaging systems to monitor in-situ internal and external environments 

and assess diffusion of small molecules. This will also be possible thanks to small and compact 

detection systems already available on the market.25-26 

3.6 Outcomes 

This Chapter demonstrates a versatile tool for the optical determination of the effective 

diffusion coefficients of vapors within simple multilayered polymer DBRs in excellent 

agreement with the values reported in literature. The analysis of the FHPS response kinetics 

can also be related to the chemico-physical interaction between the analyte and the polymers 

allowing simple and label-free molecular recognition by sensors engineered ad hoc. The optical 

behavior of a DBR made by commodity polymers, which are easy to integrate in smart 

packaging devices, has been fully investigated during the exposure to five short chain alcohols. 

The study of the dynamic optical responses of the FHPS allows to retrieve sorption curves 

characteristic of the analytes that provides their diffusion coefficients and permits their 

discrimination.  Sensitivity, lower detection limit, response time and reversibility were also 

investigated. This proof of concept device is promising for the development of sensors to be 

used on-site for the assessment of environmental pollution and for smart packaging.  
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4 Chapter 4: Design of FHPSs for Different Analyte Families 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The previous Chapter defines a general method for the design of FHPSs able to detect and 

disentangle any class of vapor analyte compound. In the follow, we test this method for the 

detection of hydrocarbons and perfluorinated compounds.  

 

This section is substantially published at:  

Lova, P., Selective Polymer Distributed Bragg Reflector Vapor Sensors, Polymers, 2018, 10, 1161. 

Giusto, P. et al., Colorimetric Detection of Perfluorinated Compounds by All-Polymer Photonic Transducers ACS Omega, 

2018, 3, 7517-7522.  



Design of FHPSs for Different Analyte Families        Chapter 4 

58 

In the Previous Chapter, we demonstrate that FHPSs need two active media. The first is a 

polymer soluble in the analyte that provide strong swelling and therefore the optical response; 

the second is a polymer with low solubility in the analyte, that plays as a barrier layers, thus 

ruling the diffusion kinetics of the analyte within the FHPS. Following this receipt, it is then 

potentially possible to design FHPSs for any class of chemical species. As a proof of principle, 

this chapter reports on two detection systems for the detection of aryl and halogenated 

hydrocarbons and for the detection of perfluorinated compounds. As discussed in the next 

Paragraphs, these two class of materials were chosen owing to their potential toxicity and the 

necessity to develop extensive detection methods for the assessment of air quality.  

4.1 Hydrocarbon Analytes  

Among vapor pollutants, aryl and halogenated hydrocarbons pose serious environmental harm 

and concern to the human body. Table 4.1 classifies some of them on the base of their effect 

on the body. The list shows that, among others, commonly used solvents such as 

tetrachloroethylene, frequently used for dry cleaning, is a suspected carcinogenic agent.1-2  

 

Table 4.1: List of common hydrocarbon based on their effect on human body. 

Effect Compound 

Toxic to organ 

systems1 

Toluene, xylenes, chlorobenzene, dichlorobenzenes, styrene, chloroform, bromoform, 

tetrachloroethane, dichloroethane, dichloroethane, dichloropropene, bromomethane. 

Mutagen and 

developmental1 

Xylenes, vinyl chloride, ethylbenzene, chloroform, chloroethane, dichlorobenzenes, 

phalates. 

Neurological1 Fuel and mineral oil, toluene, benzene, xylenes, trichloroethane, carbon tetrachloride, 

chloroform, ethylbenzene, mercaptans, naphtalenes. 

Potential 

carcinogen2 

Polycyclic aromatic hydrocarbons, naphtalenes, halogenated hydrocarbons (e. g. 

chloroform, carbon tetrachloride, dichlorobenzenes, trichloroethylene, 

hexachloroethane polyhalogenated biphenyles) 

Carcinogen2 Benzene, vinyl chloride, benzidine, bis(chloromethyl) ether. 

 

These compounds are released by industrial processes such as oil refinery, power plants, and 

chemical manufactures, and in urban areas by vehicles, painting works, dry cleaning, 

refrigerators and wood burning.3-5  Their high toxicity and wide spreading make their 

identification and extensive monitoring in living and working environments critical to preserve 

people’s health and to identify proper treatments in case of poisoning.  



Design of FHPSs for Different Analyte Families        Chapter 4 

59 

For the detection of these compounds we designed a FHPSs similar to the one reported in 

Chapter 3 made of CA as low index and barrier medium and a PS nanocomposite doped with 

ZnO nanoparticles (ZnONP@PS, n=1.59 6) as high refractive index and active sensing medium 

to detect and recognize toluene (TOL), Benzene (BEN), ortho dichlorobenzene (o-DCB), and 

carbon tetrachloride (CTC) (Figure 4.4). Indeed, CA Flory-Huggins parameter ranges from 1.2 

to 2.1 for the four analytes (Table 4.2) making it a an appropriate barrier medium.6 Conversely, 

PS permeability is usually low, but its Flory-Huggins parameter is very small for the chemical 

species under consideration, making it well suitable as sensitive medium (Table 4.2). To 

increase PS permeability, we doped the dense matrix with silanized nanoparticles to increase 

of the polymer free-volume, allowing sensitivity below the part per million (ppm) and lower 

detection limit of ~20 ppm to toluene vapors.6 This allows faster response than those reported 

for bare polymer FHPSs,6-8 but maintaining the high processability typical of amorphous 

polymers.  The optical nanocomposite (NC) was prepared by spin-coating of ZnO nanoparticles 

dispersion in polystyrene-toluene solutions. The nanoparticles XRD pattern shows peaks at 

angles 2 31.7, 34.3, 36.3, 47.5, 56.6, 62.9 and 68.1, corresponding to Wurtzite 

crystallographic orientations (100), (002), (101), (102), (110), (103) and (112). The pattern 

indicates 13 nm crystallites as derived from Debye-Scherrer data. This data is confirmed by 

SEM analysis showing an average size of 14 nm. 

 

 

Figure 4.1: a) ZnO nanoparticles powder XRD pattern and b) SEM micrograph.  
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To achieve good dispersion within the polystyrene matrix, the particles were grafted with a 

monolayer of DMMOS (see Paragraph 2.1.1). Figure 4.2 a and b compare the SEM images for 

thin polystyrene film loaded with 2.5% 𝑉 𝑉𝑃𝑆 ⁄ of bare and grafted nanoparticles While several 

aggregates of few microns in size are visible in the film prepared with bare nanoparticles, the 

surface of the film with the grafted particles is smoother. Grafting allows the reduction of the 

aggregate number and dimension from ~12000 mm-2 with average diameter of 1.1 m to ~2300 

mm-2 with average diameter of 0.4 m. Negligible light scattering is thus expected from the 

grafted material. 

 

 

Figure 4.2: SEM micrographs of nanocomposite thin films loaded with: a) bare ZnO 

nanoparticles and b) particles grafted with DMMOS. 

 

The increase of permeability induced by the load was evaluated by permeation of helium on 

free-standing nanocomposite and bare polystyrene thin films. Figure 4.3 shows that the 

permeability of polystyrene is very low, and does not depend on the applied pressure. This 

behavior is due to the non-porous nature of the polystyrene film, and is typical of amorphous 

polymers.3, 4 Remarkably, the nanocomposite is 3.5 times more permeable and shows strong 

dependence on applied pressure. Such permeability increase is attributed to free-volume at the 

nanoparticles-polystyrene interface, which facilitates gas permeation. 
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Figure 4.3: Permeability to Helium of polystyrene (green dots) and nanocomposite (red 

squares) films as a function of applied pressure.  

 

The FHPS sensors investigated in this work are made of 10 bilayers of CA and ZnONPs@PS 

nanocomposite supported on glass substrates (Figure 4.4 a). The FHPSs appear blue, with the 

typical iridescence of photonic crystals (inset of Figure 4.4 b). In their reflectance spectrum, 

shown in Figure 4.4 b, it is indeed possible to detect a maximum of intensity in the blue region 

at ~460 nm, which is assigned to the PBG. In the spectrum background, an interference pattern 

indicates the presence of well-defined external interfaces and an overall good optical quality.9-

11  

 

 

Figure 4.4: (a) Schematic, (b) reflectance spectrum and photograph of the ZnONP@PS:CA 

FHPS.  

 

The DBR sample shown in Figure 4.4 was cut into different portions, and each of them was 

exposed to saturated vapor of BEN, TOL, o-DCB, and CTC in a close environment. Figure 4.5 

shows dynamic response during the exposures. The top panels (a’- d’) report the spectra 
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collected before the exposure (black line) and after the equilibrium saturation is reached (red 

line). The bottom panels show instead the dynamic response over the entire exposure time as a 

contour plot.  

Figure 4.5 a and a’, displays the data collected for CTC. The PBG is initially positioned at 460 

nm and undergoes several intensity oscillations until its intensity fades at ~16 min. 

Contemporary, a new peak appears at 535 nm, assigned to the swollen structure. This feature 

undergoes a monotone red-shift until 640 nm in ~18 mins, when the response reaches the steady 

state. The PBG fading in the time interval between 5 min and 15 min is due to the progressive 

swelling of the FHPSs layers, which breaks the DBR periodicity (see Chapter 3).6  

When exposed to BEN and TOL, the sensor shows a similar behavior, but in the case of 

benzene the PBG of the swollen structure is detectable at the steady-state at ~600 nm after 11 

min (Figure 4.5 b and b’), while for toluene the kinetics is slower, and the PBG reaches 550 

nm in the same amount of time, while it requires double the time of BEN to reach the steady 

state (Figure 4.5c and c’). O-DCB provides a further different response (Figure 4.5 d and d’). 

The PBG observed at 460 nm shows the intensity oscillation previously observed, and 

completely fades with 35 min of exposure. On the other hand, the spectral feature assigned to 

the swollen DBR sensor is not detectable. This particular effect was assigned to the large steric 

hindrance of this molecule, which induces severe swelling and disorder in the DBR breaking  

the periodicity and hindering the formation of the PBG.12  

These very different optical responses allow to recognize the analytes. Indeed, setting an 

arbitrary response time, it is possible to distinguish the analyte by the different spectral position 

of the PBG. To this end, Figure 4.6 compares the spectra of the sensors collected after 10 min 

of exposure to the vapors. Here we notice that while the fingerprints of the response for TOL 

and BEN are similar (compares Figure 4.5 b and c), their very different dynamic allows their 

recognitions. Indeed, after 10 min, toluene only induce a decrease in intensity of the PBG, 

which appear slightly blue-shifted with respect to its initial position (compare red and black 

lines in Figure 4.6). Conversely, the same exposure time allows the formation of a PBG 

assigned to the swollen structure when benzene is used. In this case the PBG appears indeed at 

~590 nm. CTC and o-DCB instead induce shifts of ~20 nm and ~30 nm respectively. These 

data demonstrate that the sensors response time can be as low as 10 min. 
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Figure 4.5: optical response of the CA:ZnONP@PS FHPS to vapors. The bottom panel reports 

the dynamic responses as contour plots (a-d). The top panels (a’-d’) show the spectra collected 

before and after the exposures for CTC (a, a’), BEN (b, b’), TOL (c, c’) and o-DCB (d, d’).  

 

Table 4.2 compares the optical shift of the PBG and the time required to reach saturation 

retrieved for the four analytes with their van der Waals volumes, and Flory-Hugging interaction 

parameters. We notice that for the aryl derivates (BEN, TOL, and o-DCB) the values of λ eq 

and teq increases with the analyte volumes and with χPS, while no correlation appears with the 

interaction parameter calculated for CA, confirming that the PS matrix acts as active sensing 

medium. No correlation between the analyte concentration and the time or spectral shift can be 

evinced, suggesting that the selective response is independent from these parameters. For what 



Design of FHPSs for Different Analyte Families        Chapter 4 

64 

concern CTC, both PBG spectral shift at saturation and saturation time do not follow the same 

trend, and the response time is up to 100 times slower than for benzene derivates, while the 

spectral shift is lower than the one induced by these molecules, which have larger van der 

Waals volumes. Such behavior has already been observed and can be ascribed to different 

intermolecular forces instauration with the two polymers with respect to the aryl derivates.12  

 

 

Figure 4.6: Reflectance spectra of ZnONP@PS @CA DBRs collected before (black line) and 

after 10 minutes of exposure to vapors of TOL (red), BEN (green), CTC (blue), o-DCB 

(magenta). 

 

Table 4.2: Van der Waals Volumes (V), Flory-Huggins parameter for PS (χPS), CA (χCA) and 

for the entire DBR (χeff), PBG spectral shift at the equilibrium (λeq), time required to reach 

saturation (teq), and analyte vapor pressure.  

 V (Å3)12 χPS13 χCA13 χeff13 λeq (nm) teq (min) Vapor Pressure (kPa) 

BEN 89.4 0.001 1.635 1.183 130 11 10.5 

TOL 106.8 0.006 2.090 1.512 120 28 2.8 

O-DCB 112.8 0.088 1.223 0.887 -- 40 0.13 

CTC 97.1 0.008 1.942 1.406 175 >1200 11.95 

 

This part of the project demonstrates FHPSs sensors made of commodity polymers with high 

optical responsivity and selectivity to benzene, toluene, 1,2-dichlorobenzene and carbon 

tetrachloride vapor exposure. Such systems where designed and obtained by simple 
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investigation of the polymer-analyte Flory-Huggins and Hildebrand parameters. This allowed 

sensitivity to vapors and label-free selectivity. Sensitivity and good response time were also 

achieved increasing the overall DBR permeability using a polystyrene-ZnO nanocomposite.  

4.2 Perfluorinated Compounds  

Nowadays, fluorinated products and polymers offer a wide range of materials with outstanding 

performances and technological solutions for high demanding applications which often 

constitute challenges in many key sectors like automotive, aeronautics, healthcare, energy, and 

storage. Properties related to performances may include chemical inertness, thermal resistance, 

abrasion and weathering protection, water and stain repellency, biocompatibility, transparency 

and many others.14-15 Usually, these materials are soluble only in fluorinated solvents, while 

their non-wettability prevents the adhesion of overcoatings and makes them difficult to manage 

together with non-fluorinated compounds. The increasing use of these materials made the 

detection of perfluorinated compounds (PFC) an important task, which makes any progress to 

increase the capability to assess their presence highly interesting to monitor and preserve 

environmental health and safety.  

Because the polymer-analyte interaction is critical to govern the FHPS sensitivity and the 

selectivity, this Paragraph proposes the use of a perfluorinated polymer (PFC-P, copolymer of 

tetrafluoroethylene and 2,2,4-trifluoro-5-trifluoromethoxy 1,3-dioxole, known commercially 

as Hyflon AD® polymer, by Solvay Specialty Polymers ) to detect PFCs. In addition to its 

affinity with PFCs, this polymer possesses a very low refractive index (~1.33), allowing 

remarkable increase of the dielectric contrast with respect to polymer-pairs commonly used to 

grow DBRs.8 The large dielectric contrast implies that high reflectance values can be obtained 

using a relatively small number of bilayers, thus saving materials and making the device 

fabrication faster.16 However, as any other PFC, these polymers are highly solvophobic and 

scarcely wettable. This implies low mutual processability with other polymers. As a 

consequence, despite their optical transparency and low refractive index, very few examples of 

DBRs made of PFC-P have been reported in literature so far.17-20  

The FHPSs used in this work are made of Hyflon AD® polymers (HY):PVK. While Galden 

HT55®®, PFPE (perfluoropolyether) polymer vapors were used as a prototype analyte. The low 

surface energy and solvophobicity make HY films difficult to implement into multilayered 

structures. To make HY layers wettable with the PVK solution, their surface was activated by 
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room temperature plasma treatments that improved the adhesion properties.21-23 To develop a 

routine for the HY activation, we tested plasmas with different O2/N2 ratios.24 The surface 

activation was assessed by water contact angle measurements over 24 hours after the treatment. 

Before the treatment  the sample shows a contact angle of 119±1° (Black dot in Figure 4.7). 

Upon surface treatment, the contact angle dramatically decreases to an upper value of ~103° 

for O2 plasma, and a lower value of 97° for air-plasma (colored dots in Figure 4.7). N2 and 

different O2/N2 mixtures induce instead contact angles between these limit values. The surface 

activation was then monitored for 24 hours storing the samples in a petri dish in room 

conditions without any specific precaution. The data in Figure 4.7 show that small variations 

occur when the samples are treated with all the gas mixtures but air, where the contact angle 

further decreases over 24 h. These results suggest that the surface of the HY film remains 

wettable over time suitable for the preparation of multilayered structures. In this regard, N2 

plasma induces the lowest and more stable contact angle stable, and was then employed during 

the FHPSs fabrication.25 

 

 

Figure 4.7: Average water contact angle of bare HY films (black dot), and after 0, 1, 4 and 24h 

since the plasma treatment with different O2/N2 mixtures (colored dots).  

 

FHPSs were then grown on 1 in2 glass substrate starting from the deposition of a PVK layer. 

After PVK deposition, a layer of HY was cast on the latter and the surface activation was 

performed. This operation was repeated 7 times to grow the multilayer. Figure 4.8 a and b show 

the photographs and Figure 4.8 c shows the spectra of a sample resulting from this routine. 

Panel a displays the sample as cast on the glass substrate, which appears blue and 

homogeneous. Panel b shows instead a similar sample after peeling-off from the substrate. The 

Figures demonstrates that homogeneous, free-standing, and flexible DBRs can be fabricated 
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with the method we proposed. The FHPS homogeneity was also confirmed by the reflectance 

spectra of the sample collected over six different spots of its surface. The spectra also show a 

well-defined interference pattern in the background, demonstrating very high quality of the top 

and bottom surfaces.2 The spectra show a prominent reflectance peak at ~900 nm assigned to 

the PBG and a second order peak at ~450 nm, responsible for the brilliant blue color observed 

in the pictures reported in Figure 4.8 a and b. The very high reflectance intensity of the PBG is 

due to the large dielectric contrast achieved with HY and PVK.7 The experimental spectra can 

be nicely reproduced with those calculated via TMM (dashed black line in Figure 4.8 c)11, 26 

using layer thicknesses dHy = 102 nm and dPVK =196 nm   and refractive index values dHy = 

1.3327 for HY and nPVK as retrieved in previously published data.11 

 

 

Figure 4.8: (a, b) Photographs and (c) experimental (continuous lines) and calculates (dashed 

line) reflectance spectra of HY: PVK DBR. 

 

The sensitivity of the HY:PVK FHPS to fluorinated compounds was assessed exposing the 

sample to vapors of Galden® HT55 polymer for 100 min. Figure 4.9 a displays the contour plot 

of the spectra collected as a function of the exposure time. There, the PBG is observed in red 

tones, while the spectra background is in blue shades. At the initial stages of the exposure, the 

first and second order PBGs are detected at 900 nm and 450 nm respectively. These spectral 

features remain unchanged for the first 20 min. According to models reported in a previous 

work,2 this induction time is assigned to the analyte permeation across the first PVK layer and 

can be increased or decreased, changing its thickness. After the induction time, the FHPS 

spectrum undergoes a dramatic change. The first order PBG quickly fades while shifting 

toward longer wavelengths. At 50 mins of exposure, it is shifted at about 1100 nm. For longer 

exposures, the feature keeps shifting deeper in the near infrared part of the spectrum and 
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broadens inhomogeneously. This behavior takes place until 90 mins of exposure, when the 

peak intensity decreases, and the feature cannot be distinguished clearly from the background. 

Concerning the second order PBG, at 450 nm, the glass substrate and the PVK absorptions 

reduce the effects of the analyte intercalation in the optical response. The diffraction peak 

remains indeed unchanged for about 20 mins, and then its intensity fades indicating the loss of 

periodicity of the structure (see Chapters 3 and Paragraph 4.1).  To prove the role of HY in the 

detection of the perfluorinated compounds, we compared the response to perfluorinated 

analytes of CA-PVK DBRs. Figure 4.9 b shows the response of CA:PVK DBR to Galden© 

HT55 polymer vapors. No effects, even minor, are observed on the spectral position and 

intensity of the PBGs over 100 min of exposure. This demonstrates that the fluorinated analyte 

does not interact with the CA and PVK.  

 

 

Figure 4.9:Contour plot of the (a) HY:PVK and (b) CA:PVK DBR spectra collected  during 

the exposure to Galden® HT55 polymer saturated vapors.  

 

The analysis of the combined optical response of the two systems to Galden® vapors clearly 

indicates that only the presence of a perfluorinated polymer like Hyflon AD® polymer in the 

DBR allows the detection of the PFC analytes. Then, HY films undergoes strong swelling upon 

intercalation of Galden® HT 55, inducing the strong bathochromic shift of the PBG spectral 

position observed. Conversely, when CA is used as low index medium, the chemico-physical 

interaction between the fluorinated analytes and the hydrogen-based polymer forbid the 

polymer swelling and the optical response. To the best of our knowledge, this is the first report 

for optical detection of fluorinated persistent volatile species by polymer photonic crystals. 
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This work represents then a proof-of-concept for easy chromatic detection of novel relevant 

analytes. However, a deeper investigation of the Figures of merit of the sensors, including 

lower detection limit, sensitivity and selectivity is necessary to develop the sensors.  

4.3 Outcomes 

This Chapter reports on the use of two different FHPSs for the analysis of volatile organic 

compounds with very different chemical structure confirming another time that the proper 

design of the FHPSs trough a simple study of the polymer-solvent thermodynamic parameters 

allow to fabricate systems sensitive to any potential analyte. In the first part we exploited 

PC:CA FHPSs where the PS was loaded with ZnO nanoparticles to enhance free-volume, and 

therefore permeability and response time. This approach allows to detect and disentangle 

benzene, toluene, ortho-dichlorobenzene vapors. In the second part instead, the use of a 

perfluorinated polymer coupled to PVK allowed to detect vapors of a perfluorinated molecule 

trough simple optical spectroscopy.  
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5 Chapter 5: Unstructured Commercial Polymeric Films  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This Chapter reports on the use of optical spectroscopy to determine the diffusion coefficient 

of small molecules in commercial polymer film used in packaging. Using the same working 

principle demonstrated for FHPS it is indeed possible to employ the interference pattern typical 

of thin polymer films for the assessment of diffusion coefficients and even to recognize the 

analyte diffusing into the polymer itself.  

 

This section is substantially published at:  

Lova, P.; Megahd, H.; Comoretto, D. Thin Polymer Films: Simple Optical Determination of Molecular Diffusion 

Coefficients. ACS Applied Polymer Materials 2020, 2, 563-568  
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This Chapter investigates the possibility to achieve label-free selective sensors and to asses 

diffusion coefficients in unstructured commercial polymer thin films by means of optical 

spectroscopy. This task is important to evaluate barrier properties of packaging systems in food 

industry, in device encapsulation, and even for artwork protection.1-2 Monitoring these 

properties directly on the shelf or along the fabrication line, without the need to implement a 

sensor in the packaging system can indeed provide significant information on both the polymer 

barrier properties, and on the formation of degradation byproducts. This section shows that 

using an approach like the one used for FHPSs, the method can be extended to commercial 

unstructured polymer films used in packaging. In this case, the packaging itself can be used as 

an active detection medium, making the method suitable for bare or multilayered polymer films 

used in both food industry and device encapsulation, allowing the assessment of properties that 

cannot be studied with standard techniques neither in-situ, nor for very small amounts of 

material.   

5.1 Diffusion Coefficient and Selectivity Using Commercial Polymer Films 

When their roughness is small enough, thin films provide interference patterns that depend on 

their thickness and refractive index. Such patterns arise from the constructive and destructive 

interference between light beams reflected and refracted from the upper and bottom interfaces. 

As depicted in Figure 5.1 a, for a film with thickness 𝐿 and refractive index 𝑛, when a light 

beam (𝐼1) impinges on the film, it is partially reflected (𝑅1) and partially refracted (𝑇1) through 

the interface. Since the refractive index of the polymer is always larger than the one of air, 𝑛 >

𝑛𝑎𝑖𝑟, the phase of 𝑅1 is is shifted by 𝜆/2 with respect to 𝐼1.3 The refracted beam 𝑇1 hits instead 

the lower interface of the thin film where it is again partially reflected within the polymer (𝑅2) 

and partially transmitted (𝑇2). In this case, no phase shift occurs for the reflected beam 𝑅2.3 

The beam 𝑅2 reaches then the upper interface where it is transmitted and can interfere with the 

beam 𝑅1. Whether the interference between the beams 𝑅1 and 𝑇3 is constructive or destructive 

depends on their phase difference. At normal incidence, without any phase shift, we would 

obtain constructive interference when the difference of the optical path 2𝑛𝐿 equals a multiple 

of the beam wavelength (𝑚𝜆). Because the phase of the beam 𝑅1is shifted by 180 degrees, 𝑅1 

and 𝑇2 are in-phase when the path difference 2𝐿𝑛 equals 𝜆 (𝑚 +
1

2
).4 This condition 

corresponds to full constructive interference between the two beams, that arises in the thin film 
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spectrum as relative maxima (Figure 5.1 b). The beams are instead out-of-phase (disruptive 

interference, corresponding to minima in the spectrum of Figure 5.1  b) when the path 

difference equals 𝑚𝜆. 4 When a small molecule diffuses into a polymer film, it can swell so 

that the thickness variation modifies the position of the interference maxima and minima. Then, 

the spectral variations occurring in the interference pattern during the intercalation of the 

molecular species can be directly linked to the variations of film thickness.  

 

 
Figure 5.1: (a) Scheme of thin film reflectance. (b) reflectance of PVC film. 

 

As a proof of principle, we exposed a commercial cling wrap film, to different solvents 

including some found in foods. This wrap is indeed commonly used in food packaging for 

preservation and protection from chemical (gases and moisture), biological (microorganisms 

and animals), as well as physical and mechanical damages.5 The film composition was 

characterized through Raman spectroscopy. The spectrum presents four principal peaks 

positioned at 1429, 1310, 696 and 638 cm-1, which are consistent with PVC (Figure 5.2).6-7  

 

 
Figure 5.2: Raman spectrum of the PVC thin film 
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Figure 5.3 a shows the variations occurring in the interference pattern of the pristine 

commercial PVC cling film (red line) and after 5 min in toluene vapors (black line). The 

variations consist in a reduction of the reflectance intensity of the interference pattern and in a 

densification of the fringes. The latter characteristic is assigned to the increase of thickness of 

the film induced by the swelling.8 The intensity reduction can be instead linked to two 

phenomena: first, the reduction of the optical quality of the PVC film and second, the decrease 

of the dielectric contrast at the PVC-air interface.  

 

 

Figure 5.3: a) Response of PVC film to toluene: Reflectance of the PVC film before (red line) 

and after (black line) ~5 min in toluene vapor. (b) Dynamic PVC spectral response during 

toluene exposure (c) spectral position of relative maxima during the exposure and (d) 

normalized relative maxima during the exposure. 

 

Figure 5.3 b reports the dynamic of these variations during the exposure to toluene as a contour-

plot. We notice that the interference pattern is smoothly modified during the exposure. Indeed, 

all the fringes shift monotonically to the longer wavelengths side of the spectrum, in agreement 

with an increase of the film thickness. In this system, which undergoes monodimensional 

swelling, the volume variation induced by the intercalation of molecules can be described as 

the thickness variation. Moreover, dealing with vapor analytes, we can also neglect refractive 

index modifications,8 so that for additive volumes the polymer mass intake (M) can be related 
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to the film thickness (L) as in Equation 1.8: As a consequence, it is possible to retrieve the 

molecular diffusion coefficient in the linear regime of the sorption from Equation 1.2. Such 

curves can be obtained from the data reported in Figure 5.3 b by extrapolation of the fringes 

spectral position (relative maxima) during the exposure. Due to the small film thickness (8.5 

m), concentration gradients that could affect the local diffusion coefficient can be neglected, 

as demonstrated in previous works on molecular diffusion in multilayered thin films.8-9 Figure 

5.3 c shows the retrieved data as the variation of spectral position (λ), while Figure 5.3 d show 

the normalized spectral position of the same fringes. Notice that once normalized the behavior 

of all the fringes is identical, and the retrieved curves are perfectly superimposable.  

Notwithstanding PVC is used for its barrier properties for food preservation, it strongly 

interacts with many compounds. Figure 5.4 reports the evolution of spectral position of the 

fringe initially placed at 800 nm (Figure 5.1) collected during PVC exposure to water (a), 

commercial ammonia (4% in water, b), methanol (c), ethanol (d), toluene (e) and even of a 

perfluorinated compound (f). In all the cases, we see that the maxima shift to longer 

wavelengths with kinetics that depends on the different chemical species.  

 

 

Figure 5.4: PVC optical sorption curves during exposure to water(a), ammonia solution (4% 

in water), b), methanol (c), ethanol (d), toluene (e), and hexafluorobenzene (f). The black line 

is the linear fit of the optical sorption curves retrieved for ∆𝜆(𝑡) ∆𝜆⁄ (𝑡∞) < 0.5.  
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It is worth to notice that the large interaction between the PVC film with solvents present in 

food such as water and ethanol can increase the migration of plasticizers,10 which are largely 

present in these films.11 Then, decreasing such interaction could make the use of these materials 

safer. 

The data of Figure 5.4 were analyzed accordingly to Equation 1.2 to retrieve the diffusion 

coefficients (D) within the PVC film. We did not extract the coefficient for hexafluorobenzene 

because the system did not reach the steady state even after 4 h of exposure. Figure 5.5 shows 

the value of D as black squares and compares them with different analyte properties and 

thermodynamic parameters for the polymer-solvent pairs (see also Table 5.1). We notice that, 

in opposition to the FHPSs, the diffusion coefficients appear inversely proportional to the 

Flory-Huggins parameter of the polymer-solvent pairs (green squares). Hence, we can state 

that the diffusion of the species within the film is affected by the molecular dimensions and by 

their solubility within the polymer.12 The value of D seems to increase when the solubility 

increases. Figure 5.4 b also reports the quadratic difference between the Hildebrand and Hansen 

parameters calculated for all the analytes with respect to PVC. The Hildebrand parameter is 

dominated by hydrogen bonding forces (orange squares in Figure 5.4 b), while dispersive and 

polar forces (blue and green squares respectively in the same Figure) have a secondary role. 

The diffusion coefficient in PVC appears then lower for highly polar molecules (ammonia and 

water) that are characterized by strong hydrogen bonding making their solubilization in the 

PVC unfavorable and the diffusivity lower. Conversely, D increases when hydrogen bonding 

within the solvent is weaker or absent and other intermolecular forces, which are present in 

PVC, become predominant. Then, it appears that the formation of weak polymer-analyte 

intermolecular interactions increases the efficiency of the diffusion process. Concerning 

instead the molecular volume, it does not appear correlated to the diffusion parameter, as 

observed for the FHPSs. On the other hand, in analogy with the multilayered systems, it 

perfectly matches the optical shift of the interference pattern maxima measured at the steady 

state, indicating that the larger the molecular volume, the larger is the spectral shift, and thus 

the swelling of the polymer at the steady state. This characteristic also allows to use this simple 

method to discriminate molecules in the vapor phase without the use of any chemical target or 

complex laboratory equipment, 13  
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Figure 5.5: (a) Diffusion coefficient (black squares) and Flory-Huggins parameter (green 

squares) for ammonia, water, ethanol, toluene and methanol in the PVC film. (b) Quadratic 

difference between the polymer-solvent Hildebrand parameters (red), and Hansen Parameter 

for dispersive (blue), polar (green) and Hydrogen-bonding (orange) forces. (c) Comparison 

between analytes van der Waals volume and spectral shift of the relative maximum detected at 

800 nm in the initial PVC reflectance spectra.12”  

 

Table 5.1: Diffusion coefficient (D), van der Waals volume (ν), Quadratic difference of the 

Hildebrand Parameters ( ∆𝛿2), Flory-Huggins Parameter (χH), percentual optical shift of the 

interference pattern (λ) and the concentration for the 5 analytes.  

 D (cm2/s) ν (Å3)12 ∆𝜹𝟐
 (MPa)12 χH λ (%) Concentration (mg/L) 

Ammonia 1.1 E-10 21 666 3.4 1.5 23 

Water 2.7 E-10 18 707 3.1 1 23 

Ethanol 3.9 E-10 51 195 2.4 7 155 

Toluene 1.6 E-9 104 9 0.2 20 120 

Methanol 2.2 E-9 34 70 0.6 5 238 

       

 

The values of diffusion coefficient retrieved optically are in good agreement with literature 

data where available. For instance, the literature coefficient for the two alcohols varies between 

10-9 and 10-12 cm2/s,14 while the value for water ranges from 10-5 to 10-9 cm2/s.14-15 We would 

like to highlight that the differences in the coefficient retrieved for water may arise because we 
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performed the measurement in equilibrium with the environmental humidity instead of on dry 

films. This makes the water concentration larger than zero in the PVC, and thus the diffusion 

driving force smaller and the process slower. Moreover, the diffusion coefficient can vary by 

orders of magnitude depending on the polymer molecular weight,16 thickness,17-19 and on the 

use of additives and plasticizers that are widely used in commercial films. In any case, to be 

compatible with the PVC films, the plasticizers Hildebrand parameters must be similar to those 

of the PVC cling, then, we do not expect strong variation of the value reported in this discussion 

for the neat film.  

5.2 Outcomes 

This Chapter demonstrates that the diffusion coefficient of molecular species in the vapor phase 

can be performed by mean of simple optical spectroscopy also for polymer thin films used for 

food packaging. This method is based on the thickness variation of the polymer thin film 

induced by the diffusion of molecules and on the variation of the interference pattern of the 

film itself. The procedure allows the simple extraction of optical sorption curves that can be 

employed to assess the diffusion coefficient. Moreover, this approach allows to easily 

distinguish different penetrants, providing a smart tool for assessment of goods quality directly 

in the shelf. 

Comparing these results with those obtained for the FHPSs, we can reasonably state that the 

possibility to use the packaging itself as active medium can certainly extend the method to 

several systems, without the need to implement a photonic structure in the polymer film. On 

the other hand, the possibility to obtain colorimetric response to the presence of an analyte that 

can be identified by any user is of great interest for safety devices and smart labelling.  
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6 Chapter 6: Discussion and Perspectives  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this section we discuss the results achieved during this Thesis project and propose a research 

path for further development of polymer FHPSs for selective detection of vapor pollutants and 

monitoring of packaging systems. 
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This Thesis first introduced the issues related to the assessment of vapor molecules in air and 

packaging. The current techniques imply the use of quantitative portable detectors or laboratory 

analysis to retrieve qualitative information. Conversely, the presence of molecular species such 

as degradation markers or moisture in packaging is not assessed continuously. Moreover, also 

the determination the barrier properties of these packaging requires laboratory instrumentation 

and cannot be performed in-situ. In this sense, as explained in Chapter 1, quali-quantitative 

colorimetric sensors that provide a simple colorimetric response are of high technological 

relevance both to allow immediate and extensive air quality monitoring, and for the assessment 

of the quality of goods in packaging. In this regard, the possibility to asses also barrier 

properties and diffusivity of small molecule in the polymer packaging itself could further 

enhance goods control and shelf-life. As explained in the introduction, polymeric DBRs 

demonstrated promising achievement in the detection of vapor pollutants. Previous works 

showed that these systems can display broad label-free selectivity to a variety of analytes with 

lower detection limit of few parts per million and sensitivity below 1 ppm. On the other hand, 

the selectivity mechanism was not fully understood and a general method for the design and 

fabrication of these sensors was not proposed.  

Paragraph 1.3 depicts the working principle of new sensors treating the polymer thin films as 

dense matrices that undergo intercalation of the analytes and solubilize them. It also envisages 

the possibility to use the spectral responses of these systems to define the diffusion coefficient 

of the molecular species intercalating within the polymer slabs using simple optical 

spectroscopy and classical diffusion models. 

After describing the experimental procedures, in Chapter 3 this method is applied to PS:CA 

multilayers demonstrating that their response can be used in a duplex manner, first the full 

dynamic spectral response is used to extract optical sorption curves and the diffusion 

coefficients for short chain alcohols. Second, was employed to disentangle pure alcohols trough 

the analysis of the diffusion kinetics and even binary mixtures using multivariate analysis. 

Also, the analysis of the retrieved coefficients, compared with the polymer-solvent 

thermodynamic parameters (Flory-Huggins and Hildebrand parameters) allows to design a 

general method for the fabrication of FHPSs that can be potentially used to achieve responsivity 

and selectivity to any analyte. Such method is tested in Chapters 4 and 5, where the FHPSs 

were designed to disentangle analytes from different families, including hydrocarbons and even 

perfluorinated compounds. The simple analyses of Flory-Huggins interaction parameters 
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allowed indeed to design sensors able to detect and disentangle toluene, benzene, ortho 

dichlorobenzene and carbon tetrachloride. This result was achieved using CA as barrier active 

material to rule the diffusion kinetics and a ZnO nanoparticle-PS nanocomposite as sensitive 

medium. The use of a perfluorinated polymer also allows to easily detect a perfluorinated 

compound in the vapor phase.  

Most interestingly, the working principle of FHPSs can also be demonstrated for unstructured 

films commonly used in packaging. Chapter 5 shows that the method can be applied even to 

commercial polymer films used in every kitchen. The analysis of the interference pattern of a 

PVC cling wrap demonstrated indeed that it is possible to use the dynamic variation of its 

interference patter to asses both the diffusion coefficient and the species intercalating.  

These results are very promising for the development of lab-on-a-chip devices as well as 

portable instrumentation that can be used in polluted environment and to asses barrier 

properties in-situ. On the other hand, the technology is still immature for real application 

(Technology readiness level, TRL 4). This Thesis provides a new methodology that now need 

to be optimized and tested in-situ. The future path of the project then aims to develop 

commercial systems through the following steps: 

• Design the ideal geometry of the FHPF in term of number of layers and layer thickness. 

Indeed, while this Thesis demonstrates that unstructured film can replace FHPSs, they lack 

colorimetric response that make the sensors ON-OFF detectors suitable for smart labelling 

or safety devices. To this end, several FHPS made with different number of layers and/or 

with different layer thickness are currently under investigation to identify the systems 

providing the faster response with the largest sensitivity. 

• Creation of a response library: 

Once developed the sensitive elements, the DBR spectral response will be investigated 

during exposure to pure vapors and their mixtures to build a database of kinetic responses 

to pure analytes and mixtures. The sensor response will be assigned by multivariate analysis.  

• Development of a measuring prototype and test in-situ 

All the optical set-up used in this Thesis project are based on optical fibers and portable light 

sources and detectors. One of the next steps to reach real application will be the further 

miniaturization of the systems to obtain a full-portable system for the detection of vapor in 

polluted environments using FHPSs and to be used directly in packaging films. Once the 

prototype will be tested in the lab, it will be used to assess the technology in-situ.  
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Although the use of FHPSs in real environment still represent a challenge, the results reported 

in this Thesis appears technologically relevant and promise a new powerful tool for the 

monitoring of vapor species.  
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7 Chapter 7: Related Project 

 

 

 

 

 

 

 

 

 

This section reports on the use of polymer planar photonic crystals and microcavity for light 

emission control and lasing. This project, together with the other discussed in this Thesis aims 

to demonstrates that polymer photonic structures are technologically feasible.  

The Chapter first introduces the concept of microcavities, and their effect on light matter 

interaction. Then, it briefly discusses the results achieved in both light emission control and in 

lasing, demonstrating the capability to couple several emitters, including perovskites, organic 

molecules and inorganic nanocrystals into microcavity structures.  
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• Lova, P. et al.,Advances in Functional Solution Processed Planar One-Dimensional Photonic Crystals, Adv. Opt. Mater., 

2018, 6, 1800730-26. 
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• Lova, P. et al., All-Polymer Photonic Microcavities Doped with Perylene Bisimide J-Aggregates, Adv. Opt. Mater., 2017, 
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In parallel to this Thesis work, other projects aimed to demonstrate the feasibility of polymer 

photonic structure in optoelectronic devices where carried out focusing on emission control 

and lasing. The possibility to enhance the emission intensity of a material, together with the 

possibility to reshape its spectral profile and directionality, is indeed of great interest for 

lightening devices, including LED and for lasing. So far, these applications have been limited 

to inorganic bulky dielectric media due to their large dielectric contrast (see Appendix A.2). 

On the other hand, as discusses in Chapter 1, beside their high performances bulky inorganic 

photonics need for complex and time demanding high vacuum processing, that forbids the mass 

scale production and the use of temperature sensitive emitters.1-2 Polymer building blocks can 

overcome these limitations thanks to well-known solution and melt processings.3 Moreover, 

they allow to couple the photonic structures to a variety of dyes including inorganic, hybrid, 

molecular and polymer photoemitters. This Chapter will discuss the possibility to implement 

such materials within polymer microcavities and their performances. 

7.1 Microcavities  

Before discussing the effects of photonic structures on photoemitters, it is useful to make a 

brief introduction to microcavities (MCs). As depicted in Figure 7.1 a, the insertion of a defect 

layer in a DBR lattice creates a microcavity. The defect layer, with thickness Lc and refractive 

index nc, breaks the DBR periodicity and creates allowed photonic states within the PBG, the 

so-called the cavity modes. Then, the MC reflectance spectrum shows a very sharp feature with 

low intensity within the PBG band (Figure 7.1 b) with spectral position depending on the 

resonance condition within the optical path of the cavity layer, which generates a standing wave 

with wavelength 𝜆𝑐: 

 

2𝑛𝑐𝐿𝑐 = 𝑚𝜆𝑐                                                                (7.1) 

 

The spectral full width half maximum (FWHM, c) of the cavity mode is mainly affected by 

the reflectivity of the DBRs surrounding the defect (𝑅𝑏𝑜𝑡𝑡𝑜𝑚 and 𝑅𝑡𝑜𝑝) and represent the Figure 

of merit for these structures, that is the quality factor (Q-factor):4-5 
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𝑄 =
𝜆𝑐

𝛥𝜆𝑐
=

2𝜋𝑛𝑐𝐿𝑒𝑓𝑓

𝜆𝑐

1

𝛼𝐿𝑒𝑓𝑓 − 𝑙𝑛√𝑅𝑏𝑜𝑡𝑡𝑜𝑚𝑅𝑡𝑜𝑝

                                  (7.2) 

 

where Leff is the effective cavity length (Equation 7.4) and α is factor that accounts common 

loss mechanisms. The Q-factor is then defined by the total energy stored in the cavity and by 

the energy dissipation rate. For α constant, higher reflectance result in a higher Q-factor and 

then, in a sharper cavity mode. For polymer microcavities, this value spans in the range 40-

250.6-10 values approaching 103, are typical of  MCs fabricated by vacuum technologies with 

bulky inorganic materials,11-12 while those using metal oxide nanoparticles and those 

employing metallic mirrors, which introduce loss mechanisms, show Q10.13-14 

Notwithstanding polymer MCs show relatively low Q-factor, they present superior mechanical 

properties, easy processing and economic advantages. These characteristics secure the research 

in the integration of several novel photoactive materials including organic molecules,6-7, 10, 15-

18 inorganic quantum dots,9 hybrid perovskites,19 photochromic and non-linear organic 

materials,16, 20-23 which are hardly compatible with the high temperature processing of inorganic 

bulky and mesoporous DBRs.7-9, 16, 24-29  

 

 

Figure 7.1: (a) Schematic of a MC. (b) Calculated reflectance spectrum of a polymer planar 

MC. (c) Intensity of electric field inside a planar PVK:CA MC. 
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7.1.1 Emission Enhancement  

Conversely to DBRs, MCs allow strong spatial light confinement, that modifies light-matter 

interaction when fluorophores are embedded within the defect layer.6, 10 This allows emission 

intensity enhancement, strong directional control and spectral redistribution.6, 17, 30 Such effects 

depend on the MCs modal volume, a small volume permits tighter light confinement within 

the resonator and intensifies light-matter interactions.5, 31-36 In the case of dielectric mirrors the 

field penetrates the DBRs and low confinement is commonly achieved. 37 The modal volume 

can be easily linked to the microcavity effective length (𝐿𝑒𝑓𝑓) by simple geometrical 

considerations: 

 

𝐿𝑒𝑓𝑓 = 𝐿𝐶 + 𝐿𝐷𝐵𝑅 = 𝐿𝐶 +
𝜆𝑐

2𝑛𝑐

𝑛𝐿

𝑛𝐻

(𝑛𝐻 − 𝑛𝐿)                                  (7.4) 

 

Where 𝐿𝐷𝐵𝑅 sums the length of light penetration within the two DBRs at the cavity mode 

wavelength. Equation 7.4 shows that the distribution of the electromagnetic field is centered 

within the cavity layer and extends into the DBR mirrors depending on their dielectric contrast. 

This effect is shown in Figure 7.1 c for a PVK:CA microcavity containing a PVK defect layer. 

For low dielectric contrast media, including polymers and highly porous systems, relatively 

large 𝐿𝐷𝐵𝑅 values generate large cavity volumes. Since several light-matter interaction 

mechanism like strong-coupling and Purcell effect require small cavity volumes,4, 32-35, 38-41 

observation of such effects in polymer and mesoporous inorganic systems have not been 

reported so far.  

As mentioned above, the cavity modifies the fluorescence of fluorophores embedded into the 

cavity layer. This action deals with the fundamental light-matter interaction process. We must 

remind that optical transitions are driven by the Fermi’s golden rule: 

 

𝑊(𝜔) =
2𝜋

ℏ
|< 𝝁 ∙ 𝑬 >|2𝜌(𝜔)                                           (7.5) 

 

Where 𝛍 is the transition dipole moment, 𝐄 is the electric field, and ρ(ω) is the final electronic 

density of states. In PhCs, we must consider 𝐄 related to the allowed optical modes 𝐄n,𝐤(𝐫, ω) 
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of the photonic band structure (𝜔𝑛,𝒌) and, introducing the local PDOS (ρl(𝐫, ω)), the transition 

rate becomes:6, 36, 42-46  

 

𝑊(𝜔) =
2𝜋

ℏ
𝜌𝑙(𝒓, 𝜔) =

2𝜋

ℏ

1

2𝜋3
∑ ∫ 𝑑3𝒌 |< 𝝁 ∙ 𝑬𝑛, 𝒌(𝒓,  𝜔) >|

2
𝛿(𝜔 − 𝜔𝑛,𝒌)𝑛  (7.6) 

 

To understand the role of (ρl(𝐫, ω)) on the emission, we need to consider its relation with the 

Q-factor at the cavity mode:36, 47-48  

 

𝜌𝑙(𝒓, 𝜔) ∝
1

𝛥𝜆𝑐
∝ 𝑄                                                            (7.7) 

 

This effect is sketched in Figure 7.2. For a homogeneous medium the PDOS has a parabolic 

energy dependence (Figure 7.2 a), while in a DBR it is suppressed at the PBG with a slight 

increase at its edges (Figure 7.2 b).45-46, 49-50 In a MC, a sharp peak in the PDOS arises at the 

cavity mode within the PBG (Figure 7.2 c).6, 36 Then, when an emitter, whose luminescence is 

tuned on the PBG is inserted in the cavity layer and overlapped to the MC standing wave 

antinodes, the PDOS is suppressed at the PBG frequencies and increased at the cavity mode 

ones. This results in a drastic spectral redistribution of the emission (Equation 7.6), which 

includes the directionality properties of the photonic band structure (see Appendix A.2) and 

can be observed in angle resolved fluorescence spectra.8-9  

 

 

Figure 7.2: Schematics of the PDOS (a) in free space, (b) in a DBR, and (c) in a MC.  
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Embedding an emitter in a MC can give rise to three effects: 

• When the emitter photoluminescence is spectrally broader than the PBG, photons normally 

emitted at its frequencies are funneled within the cavity mode, accordingly to the PDOS, 

resulting in an emission intensity enhancement at 𝜆𝑐 and in an intensity suppression at the 

PBG. Outside the PBG, no major effects are observed.6, 8-9, 51-52  

• In the second case, the emitter spectrum is spectrally sharper than the PBG but larger than 

𝛥𝜆𝑐. In this case a sharpening of the emission and a strong increase of intensity occurs.  

• Eventually, when the free-space emission spectrum is sharper than both 𝛥𝜆𝑐 and the PBG, 

only an intensity variation occurs joined to a modification of the radiative rate.4, 38, 40-41, 53-55 

So far, this effect has not been reported for polymer MCs. 

Moreover, as mentioned above, the spectral redistribution of the fluorescence oscillator 

strength varies strongly also with the collection angle. Indeed, the dot product of the dipole 

moment vector and the electric field of the cavity standing wave provides an angular 

dependence, in agreement with the photonic band structure dispersion (see Appendix A).4, 54  

7.1.2 Lasing 

Microcavities become particularly attractive when the fluorophore shows amplified 

spontaneous emission (ASE). ASE occurs when the material undergoes population inversion 

by effect of an external optical pump. When the gain associated to the population inversion 

exceeds losses due to the microcavity imperfections and material absorption, the lasing action 

starts. The thresholds (Pth) of the process is given by:4, 56-57 

 

𝑃𝑡ℎ =
ℏ𝜔𝑐

2

2𝑄𝛽
=

𝜋ℎ

𝑄𝛽
𝜈𝑐

2                                                       (7.8) 

 

Where  is the spontaneous emission coupling factor, which provides the fraction of the total 

spontaneous emission rate emitted into the laser mode (above 10% for inorganic MCs).4 

Equation 7.8 also highlights the importance to increase the Q-factor to lower the lasing 

threshold. In solution processed MCs, the Q-factor is strictly connected to the material 

processability and to the dielectric contrast.  
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Since the first demonstration of ASE in conjugated polymers, both in solution and polymer 

blends,58-59 optically pumped solid state organic laser gained a widespread interest and are still 

in the spotlight for their potential use in several fields.60-61 Lasing action in MCs based on a 

conjugated polymer was first reported in 199662 for a feedback structure consisting in a metal 

mirror and an inorganic DBR. Following this result, two inorganic DBRs have been employed 

as feedback structure to gather lasing by conjugated copolymers.63 The first flexible laser was 

demonstrated for distributed feedback cavities where a diffraction grating acting as Bragg 

reflector was implemented into a planar waveguide. In this case, vertical emission on the 

second order diffraction occurs (Figure 7.3 a and b).64 This structures can be easily produced 

by soft lithography. Sophisticated structures can be even adapted to biochips as membrane 

lasers (Figure 7.3 f ang g).60-61, 65-71 After these milestones, lasing action was achieved with 

several structures including microdisks (Figure 7.3 c),72 and whispering gallery fibers (Figure 

7.3 d).73 Infiltrated opaline structures are instead efficiently used to achieve distributed 

feedback (DFB) and random lasing.74-75 

 

 

Figure 7.3: (a-g) Different lasing cavity structures achieved both with organic and inorganic 

systems.68 (f) Example of membrane DBR laser adaptet to a biochip.61 

 

7.2 Polymer Planar Microcavities for Emission Enhancement 

This Paragraph shortly summarize part the result achieved on emission intensity enhancement. 

Obtained embedding hybrid perovskites, J-aggregates and inorganic nanocrystals in polymeric 

MCs.  For brevity, only the spectral effects will be discussed while effect on emission rate and 

outcoupling will be only summarized.  
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7.2.1 Hybrid Perovskite Emitters 

Thanks to high photoluminescence efficiencies, large charge carrier diffusion, and easy 

solution processing, hybrid organic-inorganic perovskites have been largely investigated for a 

variety of flexible optoelectronic devices.76-80 However, their deposition often requires solvents 

able to dissolve most of commercial polymers, limiting the possibility to couple this active 

media with flexible polymer devices. For instance, white emitting bidimensional perovskites 

are very interesting for lightening applications.19, 81-88 Indeed, coupling this emitters with all 

polymer structures processed from solution and able of single color emission enhancement or 

suppression would lead to reduction of fabrication cost and simplification of fabrication 

processes in lightening devices. On the other hand, the necessity to process the perovskite from 

broad-spectrum solvents such as dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO), 

which would dissolve many polymers, makes perovskite incompatible with polymer 

processing. During this Thesis project, different strategies and architectures were employed to 

fabricate polymer MCs embedding perovskite emitters.  This Paragraph shortly summarizes 

the results achieved employing a white emitting perovskite 2,2’-

(ethylenedioxy)bis(ethylammonium) lead chloride ((EDBE) PbCl4) and methylammonium 

lead iodide (MA PbI3) perovskites provided by the group of Prof. Cesare Soci from the 

Nanyang Technological University of Singapore.  

The top panels (a, b, and c) of Figure 7.4 show the schematics of the three architectures used 

to couple the hybrid perovskite thin films with planar polymer photonic structures. The first 

one is the simplest (Figure 7.4 a). In this case an (EDBE) PbCl4 film is casted on substrates of 

fused silica or thick polyethylene terephthalate. A DBR made of PS and CA is successively 

spun-cast on top of this perovskite film.19 The spectra of the sample surface Figure 7.4 a’ are 

nicely superimposable indicating the homogeneity of the sample. All the spectra show a 

maximum in the reflectance intensity at 510 nm, assigned to the PBG, and an interference 

pattern which assesses the good optical quality of the sample. For what concern the effect of 

the photonic structure on the broad perovskite emitter, this kind of structure does not allow the 

formation of a cavity mode. On the other hand, in Figure 7.4 a” where the emission spectrum 

of the bare perovskite thin film (black line) is compared with the one of the photonic structures 

(red line), it is possible to see that the bare (EDBE) PbCl4 emission appears quite broad ranging 

from 400 nm to more than 600 nm and is peaked in the green region of the spectrum. When the 
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emitter is coupled to the polymer DBR, the emission spectrum is strongly modified. Indeed, its 

intensity is enhanced in the entire range due to better light extraction (see also Figure 7.4 a’”), 

moreover the emission spectrum result modulated by both the PBG and the interference patter. 

A Peak of intensity enhancement is detected slightly below 500 nm, Such effect was assigned 

to a weak coupling regime favoured by the low reflectivity of the substrate.19 

 

 

Figure 7.4:. Schematic (a, b, c) reflectance spectra (a’, b’, c’) PL spectra of the photonic 

structure (red line) and of the reference film (black line) (a’’, b’’, c’’), and ratio spectra 

calculated normalizing the photonic structure emission by the reference emission (a’’’, b’’’, c’’’) 

for the three architectures: (EDBE) PbCl4 coupled with a DBR19 (panels a) and with a full 

microcavity (panels b) and MA PbI3 embedded in a microcavity employing a protective layer.89  
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When the same materials are employed to fabricate a microcavity where the perovskite 

constitute the defect layer (Figure 7.4 b), the deposition of the perovskite thin film from DMSO 

solution on the first half microcavity favour the polymer dissolution. Such phenomenon 

introduces defects, roughness and inhomogeneities within the structure. The reflectance spectra 

of Figure 7.4 b’ show indeed lack of homogeneity, and low optical quality, as the interference 

pattern is barely visible. The PBG, positioned at about 640 nm is characterized by low 

reflectance intensity and appears broadened. Moreover, very broad cavity modes are detectable 

within this signal (Q ≈ 20).90 The large disorder induced by the deposition of the perovskite 

layer implies that the MC has only small effects on the perovskite emission. Comparing the 

emission spectra of Figure 7.4 b’’, one notices that the emission intensity of the microcavity 

(red line) results larger with respect to the reference sample (black line) owing again to better 

light extraction, but emission reshaping induced is barely detectable. Indeed, only a broad 

relative maximum is visible at about 640 nm. As mentioned previously, polymer  MCs with 

structure similar to the one just reported show quality factor up to 250.3 The low quality of this 

systems can then be attributed to the incompatibility of the polymer thin films with DMSO-

perovskite deposition.  

Employing a protective perfluorinated polymer layer for the DBR during the perovskite 

deposition allows more homogeneous samples and larger finesse (See schematic in Figure 7.4 

c). In this case high surface tension perfluorinated polymers with low wettability protects the 

commercial polymers and avoid their dissolution.89  On the other hand, such low wettability 

implies a surface activation process to deposit the perovskite thin film on the protective layer, 

complicating the fabrication process.89 The spectra of Figure 7.4 c’ show the reflectance spectra 

collected on different part of the sample surface for a MC made of CA and PVK where the 

cavity layer is made of MAPbI3 casted from DMSO solution over a protecting layer. The 

sample is very homogenous and present better optical quality with respect to the microcavity 

fabricated without protective layer. All the spectra show a relatively broad PBG peaked at about 

810 nm. The intensity of the reflected light in this case is larger than 100% due to larger 

reflectivity than the reference aluminium mirror. The peak shows a cavity mode positioned on 

its short wavelength side, that induces major variations in the perovskite emission. The MA 

PbI3 luminescence ranges from 710 nm and 820 nm and is peaked at 760 nm (Figure 7.4c”’). 

When coupled with the microcavity it results strongly modulated and a cavity mode is detected 
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at 780 nm (Figure 7.4 c”’). Such feature is sharp and corresponds to a finesse of 105, which is 

the best reported for polymer microcavities containing perovskites thin films.89 

These data show that the DMSO is an issue for the implementation of perovskites in polymer 

structure, this solvent can indeed dissolve polymers with both polar and non-polar characters, 

affecting the homogeneity and in turn the performances of the photonic structure. On the other 

hand, the possibility to fabricate device for single color enhancement or suppression and for 

lasing by a start-to-end solution processing is highly interesting for the simplification of 

fabrication processes and for cost reduction. The data reported in this work, demonstrates that 

employing specialty polymers as protective coating it is possible to obtain photonic structure 

able to modify the emission successfully. On the other hand, these materials require processes 

of surface activation that make the growth of the structure more complex.  

7.2.2 Molecular Emitters: J-aggregates 

Since the discovery of J-aggregates in the ‘30s,91-92 several synthetic and natural dye aggregates 

have been researched.93-99 Thanks to outstanding photoemitting properties,100 that include 

superradiance,101 high absorbance, and sharp emission.102-103 J-aggregates entered in the 

spotlight for applications in antifraud systems,104 and biological imaging105-106 and for 

optoelectronic devices such as light emitting diodes,33, 107 lasers,108-109 optical switches,108-109 

colorimetric sensors,110-111 and for the achievement of strong-coupling effects.112-115 Among 

these dyes, perylene bisimides (PBIs, in red in Figure 7.5) display exceptional photo-chemical 

stability against photo-oxidation,102-103, 116-118 high absorption coefficients, inefficient triplet 

formation and photoluminescence quantum yields (QYs) close to unity in molecular 

solutions,119-120 Thanks to the unique aggregate robustness, these new PBIs attracted interest 

for the integration into polymer matrices. Inducing J-aggregation into polymer solutions aiming 

at processable materials promises indeed the integration of solid-state active media into plastic 

photonic devices such as in lasing microcavity. On the other hand, PBI J-aggregates were never 

implemented into polymer matrices and structures,121-123 while only few bare PBI J-aggregate 

solid state films have been reported so far.119, 124-126  Polymeric MCs represent then viable 

media to achieve plastic devices based on PBI J-aggregates. For this study, a new PBI bearing 

2-ethylhexyl-substituted gallic acid residues at para-positions of the phenoxy-functionalized 

PBI (named PEH-PBI, Figure 7.5) has been developed by the research Group of  Prof. 

Würthner, of the University of . Wurzburg. PEH-PBI J-aggregates only form in low-polarity 
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environments, where hydrogen bonds are sufficiently strong. Then, to embed these J-aggregate 

fibers into a polymer matrix, the monomeric PEH-PBI was dispersed into a solution of 

amorphous polypropylene (aPP) and n-hexane. The aPP matrix prevented the washout of the 

dye during the deposition of the subsequent microcavity layers, and allows smooth surfaces 

typical of spun-cast polymers and nanocomposite films.127-128  

 

 

 

Figure 7.5: a) Chemical structure of PEH-PBI  monomer  and b) the hydrogen bond directed 

J-type aggregate  Hydrogen bonds, displayed in green, direct the formation of the triple-

stranded J-aggregate. 

 

Figure 7.6 a and b compare the transmittance and fluorescence spectra of the obtained 

microcavity where the PEH PBI:aPP blend was inserted between two DBRs made of 

polyacrylic acid (PAA) and PVK. The cavity observed at 725 nm strongly affects the PEH-

PBI fluorescence. The PL spectrum of the bare blend ranges from ~ 625 to 800 nm with 

maximum intensity at 659 nm. In the MCs, its intensity is suppressed at the PBG wavelengths 

(Figure 7.6 a and b), while it is strongly enhanced at the cavity mode wavelength. The 

interference pattern weakly modulates the emission. Because of the angular dispersion of the 
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PBG and of the cavity mode (See Appendix A.2), the enhanced peak shifts toward smaller 

wavelength increasing the collection angle (Figure 7.6 c), demonstrating that the variations in 

the J-aggregate emission profile are correlated to the photonic structure. The microcavity Q-

factor approaches 110.129 

 

 

Figure 7.6: a) Calculated (dashed lines) and experimental (continuous lines) transmittance 

spectra of PEH-PBI MC. b) PL spectra of reference (black line) and microcavity (red line). c) 

Angular dispersion of the microcavity transmittance and fluorescence spectra. 

 

Summarizing, PEH-PBI J-aggregates can be efficiently transferred from solutions to 

amorphous polypropylene matrix and used as photoactive material in all-polymer 

microcavities. The cavity provides a strong and directional spectral redistribution of PEH-PBI 

J-aggregate fluorescence due to the modified density of photonic states. Analyses of the 

enhancement factors, the photoluminescence decay and the quantum yields (Data not shown 

here, see Ref. 8) show that the microcavity growth process does not introduce non-radiative PL 

de-excitation pathway, being the measured QY limited by light extraction issues, only. In order 
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to achieve a full radiative rate enhancement, higher PL QY materials and higher dielectric 

contrast processable polymers must be developed.  

7.2.3 Inorganic Emitters: Core-Shell CdS-CdSe Dot in Rods Nanocrystals  

Colloidal nanocrystals attracted considerable attention in the field of light emitting devices 

thanks to their high fluorescence QY and spectral tunability via electronic structure 

engineering, and surface functionalization. Indeed, their composition and shape can be adjusted 

to obtain materials with tailored and stable electronic properties.130 Nanocrystals of different 

shapes such as CdSe nanoplatelets131 and core-shell architectures as CdSe/CdS dot-in-rods132 

or giant-shells133-134 have been used in several light-emitting applications,135-139 including 

lasers.140-146 Surface functionalization improves passivation and reduces PL quenching defects, 

147-151 while allowing solubility in many organic and polar solvents including water,152-156 and 

promoting self-organization and preparation of nanocomposites for solid state photonic 

devices.157-165 In this part of the project, high quality, polymer planar MCs embedding 

CdSe/CdS dot-in-rods (DiRs) in the cavity layer were fabricated and investigated, (Figure 7.7 

a and b). The DiRs were provided by Dr Francesco di Stasio from the Italian Institute of 

Technology of Genova. To embed DiRs in high optical quality all-polymer MCs, the DiRs 

were dispersed into a polystyrene matrix (DiRs:PS). The composite was then embedded into a 

PVK:CA MC. 

 

 

 

Figure 7.7: (a) Freestanding rolled-up microcavity under violet laser excitation where the 

bright DiRs red fluorescence is observed. (b) Scheme of the planar microcavity. 

 

Figure 7.8 shows the transmittance spectrum of the MCs having an intense and broad peak 

between 580 and 646 nm assigned to the photonic band gap. Within the PBG, a sharp minimum 

at 613 nm is assigned to the cavity mode.  Figure 7.8 b highlights the spectral re-shaping 
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induced by the microcavity on the PL of DiRs:PS nanocomposite with respect to the reference 

film recorded under the very same experimental conditions. The MCs induces a 10 folds 

sharpening of the PL spectrum, whose FWHM changes from 24 nm for the reference to 2.4 

nm. In addition, for the microcavity, PL peak intensity is ~5 times larger than for the reference. 

The microcavity quality factor approaches 255, that is the largest so far reported for planar all-

polymer microcavities.157, 166-170 Figure 7.8 c shows the PL spectra of the microcavity collected 

at angles between 0 and 32°. The cavity emission shifts towards higher energy increasing the 

detection angle, according to the PBG dispersion (Appendix A).  

 

 

Figure 7.8 (a) Experimental (continuous line) and calculated (dashed line) microcavity 

transmission spectra. (b) PL spectra for a microcavity (in red) and for a reference sample (in 

black) recorded in the very same conditions. (c) Contour plot of the microcavity fluorescence 

spectra as a function of the collection angle. 

 

This work demonstrates solution-based bottom-up fabrication of all-polymer planar 

microcavities embedding CdSe/CdS DiRs nanocrystals as fluorescent medium. DiRs are 

dispersed in a polystyrene matrix to obtain a highly process able nanocomposite. Optical 

investigation of the microcavity shows a 10-fold sharpening and a 5-time increase of the 

emission at the cavity mode wavelength, while the overall number of emitted photons is 

reduced. 
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7.3 Polymer Planar Microcavities For Lasing 

The wide use of integrated lasers in electronic devices pushes the development of simple and 

cost-effective fabrication for low power sources.171-173 Vertical cavity surface emitting lasers 

(VCSEL)174 are ideal candidates for this purpose.175 VCSELs are a planar MCs formed by two 

dielectric mirrors embedding a gain medium opportunely structured to provide lateral 

confinement.176 Due to its conceptual simplicity, this kind of structure is easy to fabricate and 

applies to many technological fields, including fiber communication systems, optical disk 

reading, laser printers, and sensing.177-181 The main drawback of these systems is the need for 

expensive and time consuming epitaxial growth to obtain high quality VCSELs based on 

crystalline emitters.174, 182-183 However, pursuing simplicity and cost reduction, solution 

processing is arising increasing interest.184 The previous Paragraph, reported on the fabrication 

of hybrid microcavities made of polymers doped with CdSe/CdS dot-in-rods (DiRs).9 

Employing a similar structure, but increasing the NCs density it is possible to achieve a low 

lasing threshold. In detail, a dense solution of DiRs was drop-cast on a polymer DBR to realize 

a several microns thick and compact nanocrystal film. The second DBR was fabricated 

separately and then pressed it on top of the first one to obtain the resonator (Figure 7.9 a).  

 

 

 

Figure 7.9: (a)  Schematic of the MC structure; (b) TEM image of CdSe/Cds DiRs; in the inset, 

sketch of the DiR core-shell structure; (c) Absorbance (black) and CW PL (red) of the DiR 

film. 
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Figure 7.9 b shows a transmission electron microscopy (TEM) image of the DiRs used in this 

work. The DiRs have a tapered shape with average length of 17 ± 3 nm, and a mean base 

diameter of 5 ± 1 nm. Figure 7.9 c reports the absorbance (black) and continues wave (CW) 

PL (red) spectra of a drop-cast DiRs film. The background of the absorbance spectrum is 

characterized by light scattering induced by the rough film surface. In spite of that, the spectrum 

clearly shows two peaks at about 625 and 595 nm, which are assigned to transitions related to 

the CdSe cores.132 The shoulder at 520 nm originates instead from the CdS shell. The CW PL 

spectrum of the DiRs film displays a sharp peak9 with FWHM of 27 nm centered at 639 nm. 

The investigation of the fluorescence properties under fs-excitation for different pumping 

fluences clearly shows lasing action. Figure 7.10 a reports the bare spectra in light colors filled 

to the base. These spectra show a complex structure consisting in a broad component, similar 

to the one observed under CW pumping, and some sharper peaks between 630 nm and 645 nm. 

To appreciate these features, we deconvoluted all the spectra into two components. A first 

broad corresponding to the sample  PL and a second structured component consists of the ASE 

band detected in the spectra of the reference sample (Data not shown here, see Ref. 24). For low 

pumping fluences (<55 μJ/cm2), a broad signal consisting of many peaks is observed. At a 

fluence of 55 μJ/cm2 three very sharp peaks arise at 635 nm, 637 nm, and 640 nm. Upon further 

increasing of the pumping fluence to 110 μJ/cm2, the intensity of the peak at 640 nm grows and 

dominates the spectrum. The FWHM of this peak is ~1 nm (resolution limited), which is 6-fold 

sharper than the ASE signal and 24-times sharper than the CW PL (Figure 7.9). In the spectra 

in Figure 7.10 a we also notice a clear variation of the line-shape of this sharp peak with 

increasing pumping fluence. Such behavior cannot be explained by the spectral redistribution 

induced by cavity modes, which, as well-known, preserves the line-shape.9, 167, 185-187 Therefore, 

we conclude that the sharp peaks in the spectra originate from lasing.  

To provide further evidence of lasing action, Figure 7.10 b shows the emission of the 

microcavity collected at normal incidence and slightly off-axis (angle < 10°) measured at a 

pumping fluence of 110 μJ/cm2 together with the ASE spectrum of the reference sample 

recorded at a pumping fluence of 460 μJ/cm2. The sharp peak at 640 nm is visible for collection 

under normal incidence (red line in Figure 7.10 b) and falls well inside the ASE emission band 

(green line in Figure 7.10 b). However, it is not detectable off-axis. This strong angular 

dependence is in excellent agreement with lasing from a DBR microcavity, while from spectral 

redistribution only a slight shift of the peak within such angles would be expected.9, 167 Last, 
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Figure 7.10 c displays the intensity collected at 640 nm, assigned to the lasing mode, and at 

660 nm, assigned to the PL, for increasing pumping fluence. As expected for lasing modes, the 

intensity of the sharp peak rises faster than the signal assigned to the PL.  

 

 

Figure 7.10  (a) Stacked fs emission spectra of the MC collected at normal incidence for 

different pumping fluences. The original emission spectra are shown in filled light colors; the 

deconvoluted PL component as a black line; and the deconvoluted component with the lasing 

peaks as dark thick line. (b) Microcavity emission spectra under fs pumping at 110 μJ/cm2 

collected at normal angle from the sample (red) and off-axis (black). Reference sample 

emission spectra showing ASE (in green) (c) Emission intensity at 640 nm (black squares) and 

660 nm (red circles) against the pump fluence. 

 

To summarize, the small linewidth, the intensity versus pumping fluence, the spectral position, 

and the strong angular dependence of the sharp peaks in the microcavity spectra allows us to 

assign them to lasing.  

7.4 Outcomes 

This part of the work aimed to demonstrates the feasibility of polymer microcavities embedding 

different emitters. It demonstrates that trough proper processing polymer microcavities can 
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embed a very large variety of materials including molecules, inorganic nanocrystals and even 

perovskites. For all the systems investigated we recorded emission intensity enhancement, 

spectral redistribution and angular dependence. On the other hand, investigations of emission 

rate enhancement (data not shown here) demonstrates that strong effects are still unreliable 

with polymer microcavities due to the low dielectric contrast between their building blocks. 

Nevertheless, this work demonstrates that it is possible to achieve emission reshaping and 

lasing action also from not-polymeric emitters. These results, considering the advantages 

related to polymer that have been mentioned many times in this manuscript, are promising for 

the development of polymer all-solution processable lightening devices with controllable 

emission and lasing.  
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A Appendix A: Theoretical Background 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This section reports the basic optics of polymer DBRs, the properties of the photonic band gap 

and its high order replica. It also discusses the role of the dielectric contrast among the DBR 

components and reports the basic concept of Transfer Matrix Method modelling.  

 

This section is substantially published at:  

Lova, P. et al., Advances in Functional Solution Processed Planar One-Dimensional Photonic Crystals, Adv. Opt. Mater., 2018, 

6, 1800730-26.  
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A.1 Basic Optics of DBRs 

This Paragraph introduces some basic concepts useful to understand the optical response of 

DBR structures.  

As mentioned in Chapter 1, DBRs are lattices of thin films made of media with different 

refractive index and are considered the simplest PhC structure. As depicted in Figure A.1 a, for 

a DBR made of alternated layers of two transparent media with thicknesses 𝑑𝐻  and 𝑑𝐿 and real 

refractive indexes 𝑛𝐻 and 𝑛𝐿 (𝑛𝐻 > 𝑛𝐿), light is partially refracted, reflected and transmitted 

at each interface. The lattice spacing, and the layer refractive indexes define whether the 

interference among reflected (transmitted) beams is constructive (disruptive) at a specific 

wavelength and in turn, this defines the spectral region of the PBG. When non-absorbing media 

are used as building blocks, the sum of reflectance and transmittance intensities, neglecting 

scattering phenomena, is unitary (energy conservation). Then, the photonic structure of a DBR 

can be easily characterized by mean of simple optical transmittance or reflectance 

measurements. Figure A.1 b shows a typical reflectance spectrum of a DBR, where the PBG is 

detected as a pronounced peak, while the background is dominated by a Fabry-Pérot 

interference pattern arising from the interference of beams reflected at the external DBR 

interfaces, i.e. by the overall thickness of the DBR, which can be considered as an effective 

medium.1  

 

 

Figure A.1: (a) Reflection, refraction, and transmission in a DBR with 𝑛𝐻 >  𝑛𝐿. (b) 

Reflectance spectrum of a polymer DBR made of 15 periods of transparent layers having 𝑛𝐻 =

 1.69 and 𝑛𝐿 = 1.46. 
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A.2 Photonic Band Gap Properties in DBRs 

Intuitively, the spectral position (PBG) and intensity of the reflectance peak assigned to the 

PBG depend on the thickness of the DBR layers, on their refractive index and on the internal 

angles of incidence of light (𝜃𝐻, 𝜃𝐿), which are connected to the external incidence angle (𝜃𝑒𝑥𝑡) 

by the Snell’s law (𝑛𝑒𝑥𝑡 𝑠𝑖𝑛 𝜃𝑒𝑥𝑡 = 𝑛𝐻 𝑠𝑖𝑛 𝜃𝐻 = 𝑛𝐿 𝑠𝑖𝑛 𝜃𝐿). Given the planarity of DBRs, it is 

easy to model their optical response and extract some simple analytical relations, which 

correlates the PBG position to the structural parameters and to the incidence angle:2  

 

 

S-polarization  𝜆𝑃𝐵𝐺 = 4(𝑑𝐻+𝑑𝐿)
𝑛𝐻𝑛𝐿 cos 𝜃𝐻 cos 𝜃𝐿

𝑛𝐻 cos 𝜃𝐻+𝑛𝐿 cos 𝜃𝐿
                                                 (𝐴. 1) 

 

P-polarization  𝜆𝑃𝐵𝐺 = 4
𝑛𝐻𝑛𝐿(𝑑𝐻cos2𝜃𝐻+𝑑𝐿cos2𝜃𝐿)

𝑛𝐻 cos 𝜃𝐿+𝑛𝐿 cos 𝜃𝐻
                                                      (𝐴. 2) 

 

When 𝜃𝑒𝑥𝑡 increases, the difference between the optical paths of photons reflected at any 

interface decreases, and the PBG shifts toward short wavelengths. This effect is depicted in 

Figure A.2 a. The Figure shows the reflectance of a polymer DBR as a function of 𝜃𝑒𝑥𝑡 

calculated by transfer matrix method formalism (see Paragraph A.5) and plotted as a contour 

plot.3 In the plot, the horizontal axis reports the wavelength scale, while the vertical one 

displays 𝜃𝑒𝑥𝑡. The color scale indicates the reflectance intensity. The top panel of the Figure 

displays the data for S-polarized light, while the bottom one shows those for P-polarized light. 

As expected, for both polarizations, the PBG shifts toward the short wavelengths increasing 

𝜃𝑒𝑥𝑡. Moreover, for S-polarization the intensity and the width of the PBG optical signature 

remain almost unchanged, while for P-polarization, both the PBG reflectance intensity and its 

spectral width decrease as 𝜃𝑒𝑥𝑡 approaches the Brewster-angle (𝜃𝐵) of the structure.4 The 

dispersion of the PBG is described in details by the photonic band structure of the DBR, as 

reported in Figure A.2 b.4 

Figure A.2 displays that light propagation is never completely inhibited for all directions and 

for all polarizations. In this case the PBG is said to be incomplete,5 and sometime it is called 

stop-band. The incomplete PBG affects light confinement effects, especially for the 

photoluminescence from emitters embedded in the structure.6 Indeed, photons propagation 



Theoretical Background  Appendix A 

118 

through leaky modes reduces confinement volume, which is crucial to achieve radiative rate 

enhancement and Purcell effect.7-9 For this reason, new strategies to achieve omnidirectional 

PBGs including control of the dielectric contrast, development of ternary structures and 

structures with graded and anisotropic refractive index, are currently highly investigated.10-13 

 

 

Figure A.2: (a) Calculated angular dispersion reflectance spectra contour plot for a 15-period 

CA:PVK DBR for S-polarized (top panel) and P-polarized (bottom panel) light; (b) PBG 

dispersion of a DBR for S- and P-polarizations; (Photonic bands are shaded in red) for nL=1.5, 

nH=3.5, dL=dH. The dashed lines corresponds to different values of 𝜃𝑒𝑥𝑡; the Brewster’ angle is 

also reported.14  

 

When the high and the low refractive index media allows the same optical path (𝑛𝐿𝑑𝐿 = 𝑛𝐿𝑑𝐻), 

the lattice is said to fulfil the λ/4 condition and the DBR can also be called a quarter-wave 

stack.5 This condition maximizes the reflectance in correspondence of the first order PBG (see 

Paragraph A.4) and can be treated analytically.4-5, 15 The peak reflectivity then follows: 

 

𝑅𝑃𝐵𝐺 = 1 − 4 (
𝑛𝐿

𝑛𝐻
)

𝑁

= 1 − 4 (1 −
Δ𝑛

𝑛𝐻
)

𝑁

                                         (𝐴. 3) 
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where 𝑁 is the number of periods composing the DBR and Δn = 𝑛𝐻 − 𝑛𝐿 is the dielectric 

contrast among the two dielectric materials. Δn also defines the spectral width of the PBG in 

λ/4 condition:5  

 

𝛥𝐸𝑃𝐵𝐺 =
4𝐸𝑃𝐵𝐺

𝜋

𝑛𝐻 − 𝑛𝐿

𝑛𝐻 + 𝑛𝐿
=

4𝐸𝑃𝐵𝐺

𝜋

𝛥𝑛

2𝑛𝐿 + 𝛥𝑛
                                      (𝐴. 4) 

 

where, EPBG is the energy of the PBG peak. Then, reflectivity quickly increases as the number 

of periods increases. Similarly, large dielectric contrast allows large PBG spectral widths and 

strong reflectivity.  

A.3 The Role of the Dielectric Contrast 

Aware of the relations between the PBG properties and the dielectric contrast for quarter wave 

stacks, it is interesting to compare the response of DBRs made by commodity solution 

processable polymers with those of standard bulky inorganic DBRs available on the market. 

Figure A.3 a shows the calculated transmittance spectra for a series of DBRs made of 10 

periods in λ/4 condition with PBG centered at 2 eV (~620 nm). The black dotted spectrum 

represents a bulky DBR made of TiO2 and SiO2 (𝑛ℎ=2.6; 𝑛𝑙=1.46 at 620 nm, respectively). 

Such oxides are commercially used for reflectors and optical filters and represent the reference 

benchmark.16 For the comparison, we considered a series of polymer DBRs, where the low 

refractive index material is a fluorinated polymer (𝑛𝐿1.3),17 which is one of the lowest indexes 

available on the market.17-19 The high index media are instead cellulose acetate (CA, n1.46),20 

poly(methyl methacrylate) (PMMA, n1.50),21 polyacrylic acid (PAA, n1.51),22 polyvinyl 

alcohol (PVA, n1.52),22 polystyrene (PS, n1.58),20 and poly(N-vinylcarbazole) (PVK, n 

1.68).23 Currently, PVK provides one of the highest refractive index available among 

commercial polymers thanks to the pre-resonant enhancement from the carbazole group 

absorption at about 350 nm.24-25 We also calculated the spectra for media with larger indexes 

(1.8, 1.9, and 2) to consider new polymer-inorganic nanocomposites, hyper-branched 

polysulphides and inverse vulcanized systems, which are promising to increase dielectric 

contrast in polymer DBRs.26-33 In Figure A.3 a, each spectrum shows the typical low 

transmittance band assigned to the PBG, which becomes deeper and wider upon the increase 
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of the dielectric contrast. The intensity of the interference fringes also increases with this 

parameter. Figure A.3 b highlights the relation between the minimum of transmittance intensity 

and the number of periods for the different Δn. As expected from Equation A.3 and Figure A.3 

a, the relation among the number of periods and the minimum of transmittance is linear on 

semi-logarithmic scale. Indeed, the material pair that shows the deeper PBG (higher 

reflectance) is SiO2:TiO2 (black squares), confirming the efficacy of inorganic dielectrics for 

filter coatings. However, novel high index polymers with comparable number of layers provide 

similar PBG transmittance values. 

 

 

Figure A.3: (a) Calculated transmittance spectra of DBRs made of 10 periods with varying nH 

and set 𝑛𝐿=1.3. The high refractive index increases through the values of commonly used 

polymers (CA, PMMA, PVA, PAA, PS, PVK, and 1.8, 1.9, and 2). The black dotted spectrum 

is the transmittance for a TiO2:SiO2 DBR. (b) Minimum transmittance intensity for the same 

materials calculated as a function of the number of periods at the PBG peak position (2 eV).  

 

A.4 High Diffraction Orders 

The photonic band structure of Figure A.2 b shows that the DBR lattice generates several 

PBGs. Such stop-bands remind the higher diffraction order structures (m) predicted by the 

Bragg’s law for crystals, which has been proposed to roughly describe the dispersion for 3D 

opal PhCs,34 and roughly adapted to the case of DBRs: 

  

𝑚λ𝑃𝐵𝐺 = 2𝐷√𝑛𝑒𝑓𝑓
2 − 𝑠𝑖𝑛2(𝜃𝑒𝑥𝑡)                                                (𝐴. 5) 
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Where 𝐷 = 𝑑𝐻+𝑑𝐿, and 𝑛𝑒𝑓𝑓 is the effective refractive index of the DBR. When considering 

broad spectral ranges, we need to consider the refractive index dispersion to properly describe 

high diffraction orders. The effect of the dispersion is shown in Figure A.4 a for a DBR made 

of CA and PVK (black line) and for the same media neglecting the spectral dependence of n 

(red line). For non-dispersive dielectrics, the higher order PBGs are found exactly at 

2EPBG, 3EPBG, 4EPBG and so on. On the other hand, according to Sellmeir dispersion,35 the 

refractive index increases at larger energies shifting the higher order PBGs to higher values 

(Figure A.4 a, black line). Even though CA and PVK are not highly dispersive, especially if 

compared with inorganic semiconductors and oxides, the effect of the refractive index 

dispersion must be considered in the structure design, especially when large spectral ranges are 

investigated. 

 

 

Figure A.4: (a) Reflectance spectra for a 30 periods PVK:CA DBR with dispersive (black) and 

for the same non-dispersive (red) dielectric functions. (b) Contour plot of calculated DBR 

reflectance spectra as a function of optical thickness ratio between the DBR components.  

 

Another characteristic of the higher order PBGs is their relative intensity, which is strongly 

affected by the optical thickness of the dielectrics. Figure A.4 b reports as contour plot the 

calculated reflectance spectra of DBRs having the same total optical path, but layers with 

different optical thicknesses ratio. The x-axis reports the energy normalized to the first order 

PBG (𝐸𝐺). The y-axis instead reports the ratio between the optical thickness of the high index 

layer (nH dH) and the DBR period (nH dH+nL dL). This scale goes from 0 (low index medium 

only) to 1 (high index medium only). The /4 condition is set at y=0.5 and is highlighted with 

a white line. In this case, the odd orders have maximum intensity (full constructive interference 
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among diffracted beams), while for even orders full destructive interference occurs making 

their intensity negligible. The /4 condition is exploited to achieve strong light confinement 

for lasing and strong-coupling applications.1, 14 Conditions far from the quarter wave stack, 

which generate both odd and even diffraction orders are instead interesting to improve 

sensitivity and lower detection limit in DBR sensors.36 

A.5 Modelling the Optical Response of the DBR structure 

Transfer matrix method (TMM) is largely employed to calculate the propagation of photons, 

or even electrons,37 and is the most common approach to simulate the optical response of 

multilayered structures.35, 38-46 This method can also be used to calculate energy dispersion 

relations.15 In the model, a DBR is considered as a series of layers separated by plane and 

parallel interfaces, while the electric field of the incident radiation is decomposed in a series of 

waves propagating from one layer to the other through the interfaces, as shown in Figure A.5 

a. There, the z-axis represents the normal incidence direction to the interfaces separating two 

adjacent layers, while 𝑛𝑚 and 𝑑𝑚 are the refractive index and thickness of the m-th layer. 

 

 

Figure A.5: (a) Schematic of a wave propagating in a DBR period along the z direction with 

angle of incidence θ𝑒𝑥𝑡; (b) Electric field components at an interface and (c) within a dielectric 

layer. 

 

Within the m-th subunit, we can focus on two blocks. The first block consists in the interface 

between the (m-1)-th layer and the m-th layer (Figure A.5 b). There, we identify four phasors 

that indicate the components of the electric field: 𝐸𝑖,𝑚−1 corresponding to the wave that 



Theoretical Background  Appendix A 

123 

propagates in negative z-direction and hits the interface from the (m-1)-th layer side; 𝐸𝑟,𝑚−1 

propagates in positive z-direction and is transmitted at the interface; 𝐸𝑡,𝑚 propagates in 

negative z-direction and is transmitted at the interface; 𝐸𝑠,𝑚 propagates in positive z-direction 

and hits the interface for the m-th layer side. The second block instead describes wave 

propagation in the m-th dielectric layer alone (Figure A.5 c), where 𝐸𝑡,𝑚 propagates until the 

next interface between the m-th and (m+1)-th layer is reached. At this second interface, we can 

identify 𝐸𝑖,𝑚 and 𝐸𝑟,𝑚, which have the same role of 𝐸𝑖,𝑚−1 and 𝐸𝑟,𝑚−1. All the above electric 

field components are related by simple matrix equations:47 

 

(
𝐸𝑡,𝑚

𝐸𝑠,𝑚
) = 𝐷 (

𝐸𝑖,𝑚−1

𝐸𝑟,𝑚−1
) ,  (

𝐸𝑖,𝑚

𝐸𝑟,𝑚
) = 𝑃 (

𝐸𝑡,𝑚

𝐸𝑠,𝑚
)                           (𝐴. 6) 

 

where 𝐷 and 𝑃 are respectively the interface and the propagation matrices, which consider the 

Fresnel reflection (𝑟) and transmission (𝑡) coefficients at the interface between layers 𝑚 − 1 

and 𝑚. 

  

𝐷𝑚−1,𝑚 =
1

𝑡𝑚−1,𝑚
[

1 𝑟𝑚−1,𝑚

𝑟𝑚−1,𝑚 1
]                                           (𝐴. 7) 

 

and 

 

𝑃𝑚 = [𝑒−𝑖2𝜋𝜎𝑛̃𝑚𝑑𝑚 cos 𝜃𝑚 0
0 𝑒𝑖2𝜋𝜎𝑛̃𝑚𝑑𝑚 cos 𝜃𝑚

]                                    (𝐴. 8) 

 

We can now retrieve the reflectance and the transmittance of a DBR placed in air as: 

 

𝑅 = |
𝑀21

𝑀11
|

2

, 𝑇 = |
1

𝑀11
|

2

                                                        (𝐴. 9) 
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where M11 and M21 are the (1,1) and (2,1) elements of the matrices P or D, depending on the 

block under consideration, 𝜎 = 𝑐/𝜆 are the wavenumbers, 𝑛̃𝑚 = 𝑛𝑚 + 𝑖𝑘𝑚 is the complex 

refractive index of the m-th layer, and 𝜃𝑚 the incidence angle at the m, m+1 interface.  

TMM allows to easily calculate reflectance or transmittance spectra in both coherent or 

incoherent systems.48-49 Indeed, with respect to the simple and basic formalism here recalled, 

starting from the late ’90s TMM has been improved to better model real structures and extended 

to investigate more complex effects than the simple optical response of a DBR. For instance, 

one of the key issues related to TMM modelling of real systems dwells on coherent light 

propagation, which usually generates a very dense and intense interference pattern in the 

simulated spectra. Such pattern owes to the partial reflectance within the thick substrate (e.g. 1 

mm thick glass slide or fused silica) and can even hide the optical features related to the DBR. 

Common approaches to overcome this issue consider light incoherence in real systems, 

modelling the substrate as an infinitely thick medium, or conversely, assuming it as a 

nanometric layer to account for the interface with the DBR only. More rigorous methods 

introduce phase shifts in the refracted beams, scattering layers, or incoherent propagation 

media to achieve both incoherent47, 50 and partially coherent47, 51 interference.47-49, 51 Another 

variant of TMM uses the E and H fields as components of the vector being multiplied.15, 38, 52 

Moreover, 4-dimensional vectors can be used to account for in-plane anisotropies or 

incoherence of the light traveling through the structure.53-54 The flexibility of the TMM makes 

it interesting also for the modelling of more complex light-matter interaction effects. For 

instance, the effect of the modified PDOS on the oscillator strength of emitters embedded into 

microcavities and distributed feedback structures can be studied including internal sources of 

spontaneous emission and modelling both photoluminescence55-56 and amplified spontaneous 

emission.57 It has also been shown that TMM can be used to simulate second harmonic 

generation from multilayered structures58 and the optical response of switches39 and sensors.59 

Investigation of phonon propagation in the multilayers even allows to determine thermal 

conductivity in multilayered structures.60 
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