
 
 

 

Università degli Studi di Genova 
Dipartimento di Chimica e 

Chimica Industriale 
 

 

   

Organic & Hybrid 
Photonic Crystals for 

Controlling Light-Matter 
Interaction Processes 

 

Giovanni Manfredi 
PhD candidate in 

Scienza e Tecnologia della Chimica e dei Materiali 
XXX Ciclo 

   

   

Advisor: 
Prof. Davide Comoretto 

 



 
 



Index  

 

i 
 

Index 
Chapter I 

Introduction ......................................................................................................................... 1 

Thesis structure ..................................................................................................... 2 

Photonic crystals .................................................................................................... 2 

Polymer planar photonic crystals ........................................................................ 10 

References ........................................................................................................... 13 

Chapter II 

Spin coating of planar photonic crystals ........................................................................ 17 

Spin coating parameters ...................................................................................... 18 

Polymer DBRs by spin coating ............................................................................. 19 

Spin coating of cellulose acetate ......................................................................... 20 

Spin coating of Polyacrylic acid ........................................................................... 23 

Spin coating of Poly(N-vinylcarbazole) ................................................................ 25 

References ........................................................................................................... 32 

Chapter III 

Sensing with polymer planar photonic crystals ............................................................ 35 

Working principles of planar photonic crystal sensors ....................................... 36 

Polymer DBRs for sensing .................................................................................... 38 

Modeling of DBR response during solvent vapor exposure ................................ 41 

Diffusion in single layers ...................................................................................... 44 

Simulation of the sensor optical response .......................................................... 46 

Model parameters and critical points ................................................................. 47 

Effects during solvent exposure .......................................................................... 47 

Cellulose ternary planar photonic crystals for sensing ....................................... 51 

References ........................................................................................................... 55 

Chapter IV 

Spectral redistribution of nanocrystals emission ......................................................... 59 

Nanocrystals properties ...................................................................................... 60 



Index  

 

ii 
 

Nanocomposite properties .................................................................................. 62 

Microcavity optical properties............................................................................. 64 

Density of photonic states modifications in microcavity .................................... 69 

Lifetime modifications ......................................................................................... 71 

References ........................................................................................................... 75 

Chapter V 

Lasing from polymer microcavities ................................................................................. 83 

Lasing ................................................................................................................... 84 

Analysis of the DiRs used to obtain lasing ........................................................... 86 

Microcavity production and optical characterization ......................................... 89 

ASE in the microcavity ......................................................................................... 92 

Lasing in the microcavity ..................................................................................... 93 

References ........................................................................................................... 97 

Conclusions ...................................................................................................................... 103 

Publications list ............................................................................................................... 105 

In preparation or close to submission ............................................................... 105 

Papers in peer reviewed journals ...................................................................... 105 

Book contributions ............................................................................................ 105 

Conference communications ............................................................................. 106 

Acknowledgments .......................................................................................................... 109 

Ringraziamenti ................................................................................................................ 111 

 



Introduction Chapter 1 

 

1 
 

Chapter I 

Introduction 
In the last years, the properties of light in periodically modulated dielectric materials have 
been under the spotlight of scientific research.1 A great effort has been posed in the 
theoretical and experimental development of these structures since they allow to guide 
photons in otherwise unconceivable trajectories, to localize and confine them in small 
volumes, and to engineer light-matter interaction.2 
Photonic crystals (PhCs) are an advanced class of materials that can be used in a variety of 
applications from optoelectronics to biosensors. They are similar to semiconductors2 where 
the presence of an electronic potential creates energy bands of allowed or denied electron 
energies. The periodic distribution of dielectric materials having different refractive index 
on sub-micrometer scale creates a photonic band gap (PBG) that deny the propagation of 
photons inside the lattice. The spectral position of the PBG, which is basically the PhC color, 
can be tuned acting on the refractive index of the composing materials or on the lattice 
spacings. It is then easily possible to modify the spectral properties of the crystal just 
modifying some parameters, opening the way to many possibilities, for example 
photoswitching or sensing.3-8 
Inorganic PhCs allow to have very high-quality structures exploiting well established 
production methods like vapor deposition or lithography.9-11 These technologies are indeed 
quite interesting but a particular interest may be directed toward methods that enable 
easily scalable and cost-effective manifactures.12 
In this regard, polymers are a class of materials that could be processed through such 
technologies. A special academic, institutional, and industrial interest is posed on these 
materials and on plastic photonics. 
Even the European Union is interested in the development of organic electrooptical and 
photonic devices. There have been funded projects aimed to engineer low cost photonic 
devices easy to produce and flexible, properties hardly achievable through the use of 
inorganic materials. The aim is to create synergies between industries and academy to place 
Europe in a leading position in the commerce and development of photovoltaics, 
informatics and optoelectronics.13-14 
Considering this hectic and inspiring background, this thesis is focused on the production 
of planar polymer PhCs for different applications. Such structures are composed by 
alternated layers of polymers having different refractive index. Since they are much simpler 
than 2D or 3D PhCs, they can be produced for commercial uses through techniques like 
melt-processing15-16 even though, on lab scale, spin coating is more versatile. 
Such devices can be used in multiple applications as antireflective coatings, optical 
microcavities, planar waveguides and optical switches. 
Here, we present their use for sensing, emission reshaping, and lasing. Moreover, the thesis 
will discuss about the production of polymer multilayers using spin coating. 
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Thesis structure 
This thesis reports the main results obtained by the candidate during its PhD studies period. 
It is divided in 5 main chapters. In the introduction, we present the main concepts necessary 
to understand the thesis. We explain the concept of PhC, the properties of planar PhCs, the 
advantages and disadvantage of using polymers, and the technique used to create samples 
presented and discussed in the work. The chapters from 2 to 5 are dedicated each one to a 
different subject studied during the PhD period. Each of these chapters is introduced 
explaining the reasons behind the work and reports the obtained results. Moreover, they 
are thought so that a reader can skip directly to the relative chapter without reading the 
previous ones if he’s interested in a specific topic. 
Chapter 2 is dedicated to the study of spin coating of polymer layers for photonic 
applications. The majority of the experimental work for this chapter has been conducted in 
the Dresden center for integrated and applied photonics. 
Chapter 3 is dedicated to the modelling of the optical response of polymer planar PhCs for 
sensing applications. 
Chapter 4 and 5 are dedicated to the use of core shell nanocrystals in polymer PhC to obtain 
emission reshaping and lasing, respectively. 
The chapters are heavily inspired by works published by the author during the PhD or by 
works in preparation that are going to be submitted for publication. Therefore, substantial 
part of the results may be already found in literature. 
Given the difference among the treated subjects, the thesis has been written in a succinct 
way. All the details about the experimental methods are reported only if significant to the 
discussion. A general chapter about experimental methods is deliberately omitted since 
scarcely interesting from a scientific point of view. Even the theory is kept as simple as 
possible and recalled only when needed in order to simplify the treatment. 
Even though this is not a common approach, we find it more suitable to the aim of this 
thesis which is to give a summary about some proof-of-concept devices created during the 
author’s studies for PhD degree. 
 

Photonic crystals 
A photonic crystal is a material composed by a lattice of media having different refractive 
index. Such lattice has spacings in the order of the visible light wavelength, hence, the 
typical feature size of a PhC is in the order of some hundreds of nanometers. The presence 
of many media having different refractive index creates an ordered array of interfaces that 
can diffract light. Then, the photons scattered in the system can coherently interfere 
modifying the dispersion relations and the density distribution of photonic states.17 
It is important to notice that PhC lattice spacings are somehow in an intermediate 
dimension between atomic scale and macroscopic scale. Indeed, the period must be much 
longer than the bond length, which is typically in the order of atomic Bohr radius of ~0.5 Å, 
and shorter than the size of a macroscopic media. The light must indeed encounter a series 
of different materials so that each one has its own refractive index (this limits the shorter 
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lattice spacings) but still be able to coherently interfere with the light diffracted at each 
interface (this limits the longer lattice spacings). 
The materials composing a PhC can either be completely transparent or show an extinction 
coefficient, however, we focus on the case of materials having only a real refractive index 
and no absorption. 
In this type of structures, photons propagation is similar to the one of electrons inside a 
semiconductor.1-2, 12, 17 In particular, only photons having specific energies can propagate 
inside the crystal, while for some energy bands called photonic band gaps (PBGs), 
propagation is strongly hindered. This is the reason behind the PhCs structural color. 
Indeed, since no photon can propagate inside the crystal, all the light hitting it with a 
specific wavelength inside the PBG will be reflected or diffracted in specific directions. Such 
phenomenon is also responsible for the iridescence (change of color upon observation 
angle) of such systems. Iridescence and selective reflectance are quite strong in PhC and 
such nanostructures are extensively used in nature by some animals or plants to obtain 
gaudy colors or to camouflage themselves.18-20 
A particular kind of crystal is the distributed Bragg reflector (DBR) composed by alternated 
layers of two materials having different refractive index. The structure is schematized in Fig. 
1.1. 

 
Fig. 1.1 Schematized structure of a DBR 

As every PhC, this kind of planar structure creates a PBG which hinders photon propagation. 
However, due to the planar shape, the only allowed diffraction direction is the backward 
one. Indeed, if a photon having frequencies inside the crystal PBG hits a DBR, it is strongly 
reflected. This makes the optical characterization of DBRs quite convenient as it requires 
simple techniques. The PBG of a DBR is clearly visible in the reflectance spectra as a 
pronounced peak which position, intensity, and width depend upon the crystal parameters 
(Fig. 1.2). Moreover, the reflectance background of a DBR shows a series of fringes which 
are created by the interference of each layer.  
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Fig. 1.2 Typical reflectance spectra of a polymer DBR 

The planarity also helps in the theoretical study and the optical properties of these 
structures can be replicated using simple models.17, 21-22 
Indeed, the spectral position of the band gap, λPBG, is linked to the properties of the layers 
composing the system and depends upon the light polarization. It follows the laws:22 
 

 

 

λPBG = 4(dH + dL)
nHnLcosθHcosθL
nHcosθH + nLcosθL

TE polarization

λPBG = 4
dH cos

2 θH + dL cos
2 θL

nHcosθL + nLcosθH
TM polarization

 
(1.1) 

 
 (1.2) 

 
Here, nH, dH are the refractive index and thickness of the high index material and nL, dL are 
the refractive index and thickness of the low index material. θH,L are the light propagation 
angles inside the high and low index material which can be derived by Snell law ni sin θi =
nj sinθj. Eqs. 1.1 and 1.2 also consider the angle of incidence of the light. Indeed, the PBG 

shifts for different angles of incidence as the optical path encountered by photons inside 
the photonic structure is different. Fig. 1.3 shows a contour plot of the reflectance of a DBR 
as a function of wavelength and light angle of incidence. The reflectance has been 
calculated using transfer matrix method.21 The top panel shows the reflectance of s-
polarized light. This correspond to the TE polarization where the electric field oscillates on 
the plane of the sample only. In these conditions, the PBG rigidly shifts toward lower 
wavelengths as the incidence angle grows. The bottom panel, instead, shows the 
reflectance calculated for p-polarized light. This is the TM polarization where the electric 
field oscillates parallel to the plane of incidence. In these conditions, the PBG blueshifts as 
in the case of s-polarization but also reduces its width. This effect is mainly caused by the 
reaching of Brewster-angle of the materials composing the system which drastically reduces 
the reflectance of p-polarized light. 
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Fig. 1.3 Angular dependence of a DBR reflectance for s-polarization (top panel) and p-polarization 
(bottom panel). 

Due to this angular dependence, some authors prefer not to talk about PBG but instead 
about photonic stop band for DBRs. Indeed, they do not consider the high reflectance band 
as a real PBG because DBRs photon propagation inhibition is not omnidirectional and for 
each wavelength there will always be a direction that can allow light transmission. However, 
aware of this terminology issue, we still prefer to use the term PBG due to the similarity of 
the two effects. 
When studying DBRs, it is interesting to consider a special condition which the layers 
composing the system may fulfill. This is called the λ/4 condition and happens when the 
optical paths of the high and low refractive index layers are identical. In such case, the 
system reflectivity is maximized and can be easily calculated using the formula: 
 

 
RPBG = 1 − 4(

nL
nH
)
N

= 1 − 4(1 −
Δn

nH
)
N

 (1.3) 

 
Where N is the number of bi-layers composing the system and Δn is the dielectric contrast 
of the materials. The reflectivity increases with the number of bi-layers and with the 
dielectric contrast (Δn). 
This last parameter is also very important in defining the spectral width of the PBG. In fact, 
in λ/4 condition, the width (in energy) is ruled by: 
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ΔEPBG =
4EPBG
π

nH − nL
nH + nL

=
4EPBG
π

Δn

2nL + Δn
 (1.4) 

 
Where EPBG is the energy of the first order PBG. Fig. 1.4 reports the PBG width as a function 
of dielectric contrast considering nL=1.5, a value not distant from the one of low index 
materials commonly used for DBRs. The width grows monotonically and almost linearly 
with the contrast in the considered interval. 
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Fig. 1.4 Calculated width of a PBG in a DBR in λ/4 condition. 

The λ/4 condition has other effects other than maximizing the reflectivity. In particular, it 
destroys each even order PBG replica. Indeed, in a DBR, the PBG created at the wavelength 
supplied by Bragg-Snell law λPBG presents higher order replicas depending upon the 
relative thickness of the layers composing each repetitive unit in the system. Such replicas, 
neglecting index dispersion, are positioned at λPBG/m where m is natural non-zero number. 
Fig. 1.5 shows the calculated reflectance spectra of a DBR as function of energy and relative 
optical path of the high index layers. The latter is calculated as the ratio between the optical 
path of the high index material layers and the optical path of a whole bi-layer. It goes from 
0 (no high index material) to 1 (only high index material) and is 0.5 only in the λ/4 condition. 
The spectra have been calculated maintaining the total optical path constant so that the 
first order PBG position is fixed. For the calculation, we also neglected refractive index 
dispersion. The first order PBG (visible as a red band at 1 on x-axis) is always present except, 
of course, at the extreme cases of no high index material or no low index material. The PBG 
at orders over the first, instead, are not always present. In particular, for equal optical paths 
in the bi-layer, all the even orders disappear as already mentioned. In real cases, the 
refractive index dispersion may change the properties of the first PBG replicas, however, in 
limited spectral ranges like the one of visible light, and considering we use transparent 
materials, the index dispersion is usually so weak that the major effect it can cause is just a 
small shift of the second, third or fourth order PBGs from the exact λPBG/2, λPBG/3, or 
λPBG/4 positions. 
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Fig. 1.5 Contour plot of calculated DBR reflectance as a function of optical path ratio and energy. 

PhCs works exploiting the periodicity of their dielectric lattice. If this periodicity is violated, 
new states are created inside the PBG. Such states are also called cavity modes and the 
defect in the periodicity is called cavity or microcavity. For extension, also the whole 
structure can be called microcavity. 
In this thesis, we focus on planar microcavities which are formed when periodicity defects 
are inserted inside a DBR. Such defects can be layers of different thickness or made of a 
different material and take the name of cavity or defect layers. The typical structure is 
reported in Fig. 1.6 and the typical reflectance spectra of such systems is reported in Fig. 
1.7. A low reflectance (high transmittance) sharp frequency interval is created inside the 
otherwise high reflectance band given by the periodic photonic structure. Also, the fringes 
outside of the PBG (Fig. 1.2) are modified and split. The position of the cavity mode inside 
the PBG depends upon the optical path of the cavity layer and, if the latter is large enough, 
there can be more than one cavity mode as shown in Fig. 1.8. The dependence of the cavity 
mode from the defect layer optical path can be used to obtain photoswitching as also 
proven by a paper co-authored by the author of this thesis.5 
Moreover, cavity modes are extremely localized states; the electric field in strictly confined 
by the defect and enhanced in a very narrow physical space as reported in Fig. 1.9. 
Consequently, the interaction between the electric field and any photoactive material is 
strongly altered.1-2, 17 
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Fig. 1.6 Schematical structure of a planar microcavity. 
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Fig. 1.7 Typical reflectance spectra of a polymer planar microcavity. 
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Fig. 1.8 Typical reflectance spectra of a large cavity polymer planar microcavity. 
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Fig. 1.9 Relative field intensity inside a polymer planar microcavity. 

The field localization is a very important effect strictly correlated to the optical quality of 
the system. The higher the reflectivity of the DBRs composing a microcavity the stronger 
the confinement and the relative field enhancement will be. Since lot of phenomena like 
Purcell effect23-26 and strong coupling27-30 depends upon the volume of the cavity mode, it 
is necessary to have a figure of merit which immediately suggest the efficiency of the 
system. Such figure of merit is the cavity quality factor. Comparing a microcavity to a Fabry-
Perot etalon, indeed it is possible to immediately extract the Q-factor from a transmittance 
or reflectance spectrum as: 
 

 
Q =

λc
Δλc

 (1.5) 

 
Where λc is the cavity mode spectral position and Δλc is the cavity mode spectral full width 
at half maximum. 
The Q-factor is also linked to the cavity photon dwelling time by the simple law 
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τdwell =

Qnλc
2πc

 (1.6) 

 
Where n is the cavity refractive index and c is the speed of light. 
The photonic density of states (PDOS) is another important factor in determining how the 
interaction between light and matter is modified inside a microcavity. Such property, which 
follows a quadratic law with energy in free space, is modified inside a DBR and a microcavity. 
Inside a DBR, the PDOS is drastically reduced in correspondence of the PBG neglecting the 
presence of propagating photons. A microcavity still creates the PDOS reduction in 
correspondence of the PBG but also creates a strong and sharp enhancement at the cavity 
mode energies. Such effect is exploited for PL enhancement as will be later seen in chapter 
4. 

 P
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Fig. 1.10 Schematically drawing of the photonic density of states for free space, inside a DBR and 
inside a microcavity. 

Polymer planar photonic crystals 
To create a planar photonic crystal like a microcavity or a DBR, we basically need two or 
more materials having different refractive index. Commercial optical filters and devices are 
commonly created using transparent inorganic materials. From this point of view, inorganics 
supply a broad range of refractive indexes. Many oxides can be found with indexes ranging 
from 1.5 for silicon oxide to over 2.5 for titanium oxide.31 Conversely, in polymers, as is also 
reported in Chapter 2, the refractive index always assume a value of about 1.5 and never 
get extremely high or extremely low. Due to this, the optical performances of polymer DBRs 
and microcavities are usually considered lower than those of their inorganics counterpart 
that can allow to reach larger dielectric contrasts. Fig. 1.11 shows the simulated optical 
response of two DBRs composed by 20 layers and centered at the same wavelength. The 
black spectrum has been calculated considering a DBR made of SiO2 and TiO2 while the red 
one is calculated considering a DBR of Poly(n-vinylcarbazole) (PVK) and cellulose acetate 
(CA), one of the most used polymer pairs for DBRs. The reflectance of the inorganic DBR is 
higher and its PBG is wider. Such performances are not achievable with polymers at the 
current state of the art, even if some work on very high refractive index and low refractive 
index polymers or nanocomposites is going on.32-34 
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Fig. 1.11 Simulated reflectance of two DBRs composed by the same number of layers and the same 
central wavelength. The black line is the spectrum calculated considering the typical SiO2/TiO2 
refractive indexes while the red line report the spectrum calculated considering the typical indexes 
of CA/PVK. 

The limitations induced by the small polymers dielectric contrast may however be reduced. 
In particular, the reflectivity of polymer DBRs can be increased by spinning a large number 
of layers, according to eq. 1.3. Structure composed by hundreds of layers have been 
reported also in this thesis. The polymer processability is indeed higher than that of the 
common inorganic transparent materials used for PhCs and allows to obtain very flat layers 
having extremely reduced roughness as will also be shown in chapter 2. The PBG width of 
a DBR is directly proportional to the dielectric contrast and cannot be changed in any other 
way. Therefore, polymer DBRs PBG is unavoidably narrower than that of inorganic 
counterparts. This limits their use as broad band mirrors but may be and advantage in some 
applications like sensing. 
Moreover, polymer DBRs offer an innate flexibility due to peculiar mechanical properties of 
the used materials. 
The real main advantage of using polymers, however, comes from the production 
techniques. Roll-to-roll coating, co-extrusion and other solution processing techniques 
permit to obtain large area PhCs in a very cost-efficient way.35-39 The manufacture of large 
area polymer planar photonic structures has indeed become a suitable task and some 
companies are currently commercializing products made of commonly found polymers like 
PET.16 Fig. 1.12 shows a demonstrative picture used by Toray in its website. In the picture, 
the company exposes a semi-reflective sheet thought for automotive. The product is 
composed by 1000 layers of polymer and is sold in square meters. This is a clear example 
of the potential given by polymers for multilayer planar photonic devices. The possibility to 
scale up the production is really tangible and technology is already present on the market. 
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Fig. 1.12 Picasus, a multilayer planar photonic structure produced and commercialized by Toray. 
Image taken from the company informative web-site.16 

Given the possibilities offered by these manufacture techniques, it is now possible to 
understand the reasons behind the interest on polymer planar PhCs. 
In this thesis, all the work presented is based on spin coating. This technique, described in 
chapter 2, does not provide much scalability and, more than everything, is very expensive 
from a material point of view. Indeed, only a very small fraction of the original material 
which composes the used solutions is actually deposited on a device (no more than some 
percent) with a huge waste of polymers. Nonetheless, spin coating is a terrific technique to 
be used in a laboratory environment. It is fast, requires cheap equipment, and it is also very 
versatile. 
With all these premises, we then report some of the major results obtained during the work 
for the author’s PhD degree. Such results are not meant to propose fully working solutions 
but are instead focused on the proposition of proof-of-concept devices for which there are 
already present the technologies to provide production scale-up. 
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Chapter II 

Spin coating of planar photonic 

crystals 
Spin coating is a reliable and highly reproducible technique used to create films of materials 
starting by colloidal dispersions or polymer solutions. The technique is conceptually very 
simple. A solution containing the material to be deposited (for example a polymer or 
nanoparticles dispersed in a suitable solvent) is dropped over a planar substrate in order to 
fully cover it. The substrate is then accelerated to a defined rotational speed using a spin 
coater. In the immediate beginning of the process, most of the material is expelled from the 
substrate by the centrifugal force while the remaining material forms a film that 
progressively thins due to solvent evaporation.  

 
Fig. 2.1 Main steps during spin coating. First a solution or dispersion containing the material to be 
deposited in dropped over the substrate. Afterward, the substrate is put in rotation and the solvent 
evaporates leaving a smooth homogeneous solute film. 

The technique is very flexible, fast and requires cheap equipment. Moreover it does not  
generally require specialized workers or optimizations to make single films, for example to 
create photoresists for lithography in electronics.1-2 The possibility to create both polymer 
and inorganic films through solution and sol-gel processing is interesting too.3-4 
To obtain films with different thicknesses, lot of parameter can be changed: the solvent 
employed, the concentration of the material in the used solution or suspension, the spin 
speed, the spinning time (if the rotation is stopped before complete drying is reached), or 
the environment conditions like temperature or humidity. This great number of parameters, 
however, may lead to very low reproducibility and to difficulties in the process if the 
environment is not kept under strict control.  
 

Deposition Rotation Drying 
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Spin coating parameters 
In spin coating, the main parameter to consider is the rotational speed of the substrate, 
which directly influences the radial force that is applied to the liquid solution and modifies 
the air turbulence created in proximity of the substrate. Generally, a spin coated film 
thickness depends upon the maximum speed reached during the procedure as a delicate 
balance is created between the shear force at the borders of the fluid and the evaporation 
rate. Higher speeds determine lower thicknesses. 
The spin coater environment and the solvent properties strongly influence the solvent 
evaporation rate during spin coating. The presence of particularly ventilated air or the 
heating of the sample can drastically rise the evaporation rate and change spin coating 
mechanics. Moreover, humidity in presence of highly volatile solvents may create breathing 
figures on the surface of the grown films.5 
It is difficult to provide a rigorous mathematical model to describe the processes happening 
during spin coating because of their complexity and a complete description of the 
technique would require knowledge of fluid dynamics, physics, thermodynamics, 
chemistry, and the precise value of a large number of parameters influencing the outcome 
of the process.1-2, 6-19 Many theoretical works tried to investigate the spin coating process 
but no definitive and precise laws linking every physical parameter have been obtained. It 
is possible however to find general rule of thumbs that are followed by every spin coating 
process. In particular, except some deviations for ultrathin films,18 as the spin speed 
increases, the grown films thickness decreases by a power law7, 20-22 
 

 𝑡 = 𝛽𝜔−𝛼 (2.1) 
 
Where β is a constant, and 𝜔 is the spin speed. 𝛼 is an exponent that depends on many 
details of the process but is usually ~0.5.20, 23 
Also, the spinning solutions concentration is an extremely powerful tool to tune the 
properties of the grown films. Indeed, the concentration modifies the solutions viscosity 
and changes the film final thickness as well as the porosity. It is generally accepted the 
existence of a dependence of the form  
 

 𝑡 = 𝛽′𝑐𝑛𝜔−𝛼 (2.2) 
 
Where c is the solution concentration and n is an exponent which value is discussed in 
literature. In particular, it has been proposed that n is 1, giving a linear relation between 
thickness and concentration,24 or greater than 1.25  
One important step is the cleaning of the substrate. Operating in a sufficiently dust-free 
environment is essential since micron sized particles on the substrate can create 
inhomogeneities on the spin coated films, like comets or striations. These defects become 
more important during the growth of multilayer structures because they tend to have an 
effect also on the layers grown above and become quite deleterious on the final result. 
The solvent choice is important both in the growth of single films and in the growth of 
multilayer structures. Indeed, the solvent determines the evaporation rate, as well as the 
surface tension created between the fluid and the substrate, modifying the films final 
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morphology. Sometimes, surfactants may be added to the spin coating solution to prevent 
aggregation or to favour substrate wettability and adhesion. 
Moreover, the pair solvent-solute interacts with the substrate. Notably, in the fabrication of 
polymer multilayers and DBRs where different materials are directly deposited one over 
each other, the solvent of the polymer which is being spin coated must not dissolve the 
layers underneath. This condition is called solvents orthogonality and it is the basic requisite 
to obtain high optical quality planar photonic crystals. This is usually obtained working with 
polar and non-polar polymer pairs like polystyrene/Cellulose Acetate or 
polyvinylcarbazole/Cellulose Acetate.26-27 
 

Polymer DBRs by spin coating 

DBRs are formed by casting alternated layers of different materials. One can use spin 
coating to grow such structures by creating each new layer directly above the previous 
ones. However, it is required the process to be highly repeat-able. Moreover, also a control 
of the grown layers thickness is desirable as this last parameter governs the optical 
response of a DBR and allows to tune the response of a sample. 
In this chapter we report the results of polymer spin coating in order to supply a way to 
repeat-ably create optical multilayer structures using the most common commercial 
polymers, i.e. poly(N-vinylcarbazole) (PVK) as high index material and cellulose acetate (CA) 
and polyacrylic acid (PAA) as low refractive index materials. 
These three materials are commonly used in literature. PVK is a standard for high index 
material because few process-able polymers with high dielectric constant are known.37-38 
PAA and CA, instead, permit to achieve high dielectric contrast if used together with PVK,34, 

39-40 which is important for DBRs.41 Moreover, one can use PAA and CA in solvents which are 
orthogonal to PVK.  
We investigate the relation of spin coating parameters with the thickness of the grown 
layers and their roughness. We also provide the refractive index of the polymers in order to 
supply parameters for optical structures design. Spin coating, AFM analysis, profilometries, 
and ellipsometries were conducted in the Dresden integrated center for applied physics and 
photonic materials. 
The spin coating was conducted using a BLE Laboratory Equipment GmbH DELTA 10 close 
chamber spin coater starting from 1”x1” glass or silicon substrates. The polymer solutions 
were deposited over the substrate in order to fully cover it and then the sample has been 
put in rotation. The rotation has been held for 300 s. 
After spin coating, all the samples underwent thermal treatment on a heating plate at 140°C 
for 1 minute. 
The solvents used to spin coat CA, PAA and PVK were diaceton alcohol, 2-methyl-2-butanol 
and chlorobenzene, respectively. 
AFM measures were recorded using a AIST-NT Combiscope 1000 in tapping mode. Analysis 
of films surface roughness was conducted on 2x2 µm2 topographic maps using the software 
Gwyddion.33 
Ellipsometries were executed using an Accurion Nanofilm EP4 ellipsometer and modeling 
of the measures was conducted through the software EP4Model. The sample analyzed 
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through ellipsometry were single films grown on silicon substrates. 
Determination of films thickness was executed using a Veeco Dektak 150 profilometer. Each 
film has been carefully scratched to expose the glass substrate underneath and measure 
the difference in height between the substrate and the film top surface. 
 

Spin coating of cellulose acetate 
CA is a low refractive index material. It can be easily spin coated creating solutions in 
diaceton alcohol. Fig. 2.2 reports the refractive index of a CA film obtained using 
ellipsometry. The data has been interpreted using a Sell-Maier model. The refractive index 
value goes from 1.484 at 400 nm to 1.463 at 800 nm and the extinction coefficient is 
considered negligible. This very low and almost constant index justifies why CA is often 
chosen to create polymer DBRs.31-32, 34-35, 39, 42 
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Fig. 2.2 Refractive index n of CA films as deduced by ellipsometry using a Sell-Maier model. 

Fig. 2.3 shows a topographic map of the surface of a CA film before and after thermal 
treatment. There is a change in roughness due to thermal annealing; the surface roughness 
(rms) reduces from 2.2 ± 0.3 nm to 1.8 ± 0.3 nm. Thermal treatment also influences layer 
thickness. Indeed, in all the measures, after annealing, each film shrinks of about 6% in 
thickness, probably due to residual solvent evaporation.  
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Fig. 2.3 AFM topographic map of spin coated Cellulose Acetate film. On the left, before thermal 
treament. On the right, after thermal treatment. 

Fig. 2.4a shows the thickness of CA films spin coated over PVK after thermal annealing. The 
thickness is reported as a function of the concentration of the starting solutions. The 
behavior is clearly linear in concentration and the red lines inside the plot indicate the fitted 
response for each spin speed. The x-intercept and slope of these fitted curves are reported 
in Table 2.1 and in Fig. 2.4b against rotation speed. The x-intercepts of the fit assume 
constant values around 14-15 g/l. This value represents the minimum concentration below 
which the thickness would be negative using these linear models. The existence of this limit 
suggests that the linear model loses sense for lower concentrations or a minimum 
concentration is needed in order to create films by spin coating. The latter hypothesis is 
also sustained by previous spin coating experience but has not been systematically 
investigated. The slope of the fits in Fig. 2.4 decays monotonically with spin speed as would 
be expected by eq. 2.1. 
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Fig. 2.4 (a) CA film thickness vs solution concentration for each spinning speed. In solid red lines are 
the linear fits (b) Parameters of the linear fits as a function of spin speed. 

Table 2.1 Linear fit parameters of the thickness of CA films spin coated over PVK as a function of 
concentration for each spin speed 
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Spin speed (rpm) x-Intercept (g/l) Slope (nm·l/g) 

6000 15 ± 3 9.1 ± 0.8 

4650 14 ± 3 9.8 ± 0.9 

3300 14 ± 3 12 ± 1 

1950 14 ± 3 16 ± 1 

1110 15 ± 2 26 ± 2 

600 14 ± 2 33 ± 3 

 
Fig. 2.5a reports the thickness of the same CA films of Fig. 2.4 but this time against the 
rotation speed. For each starting solution concentration, the data can be fitted using a 
power law function of the form of eq. 2.1 as suggested by literature.1-2, 17, 19 The power 
exponent obtained by the fit is 0.59 ± 0.01, reasonably near the exponent of 0.5 proposed 
in literature.6-7, 43 Its deviation toward higher values can be justified by a non-complete 
drying during the spin coating process.6 This hypothesis is sustained also by the reduction 
of thickness after thermal annealing. The β parameter of the fit is reported in Fig. 2.5b. It 
grows linearly with concentration of the starting solution and intercept the x-axis at 13 ± 1 
g/l, in agreement with the x-intercepts found with linear fits reported in Table 2.1. 
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Fig. 2.5 (a) Thickness of CA films created by spin coating over PVK as a function of spin speed. In red 
the allometric fit for every concentration (b) Parameters of the allometric fits as concentration 
function. 
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Spin coating of Polyacrylic acid 
PAA is a polar low refractive index polymer and can be spin coated starting from 2-methyl-
2-butanol solutions. We measured the refractive index of PAA films using ellipsometry and 
a Sellmeier model. Its value is reported in Fig. 2.6 and goes from 1.525 at 400 nm to 1.508 
at 800 nm while extinction coefficient is negligible in the investigated spectral range.  
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Fig. 2.6 Refractive index n of PAA films as deduced by ellipsometry using a Sell-Maier model. 

Indeed, the refractive index of PAA is higher than the CA one. This could be 
counterproductive in producing DBRs as would grant a lower dielectric contrast. However, 
the use of PAA instead of CA is interesting as PAA can be dissolved in less viscous solutions 
which are easier to spin coat and, among the other things, permit to obtain smoother layers 
and better interfaces.29, 42, 44 AFM measures (Fig. 2.7 reports the example of a film before 
and after thermal treatment) of PAA films show a surface roughness of 0.13 ± 0.02 nm 
which is near the limit of resolution of the instrument. It is not possible to measure 
differences in roughness after thermal treatment, however PAA films thickness reduces by 
16 ± 5% after the annealing. 
 

 
Fig. 2.7 AFM topographic map of spin coated PAA film. On the left, before thermal treament. On the 
right, after thermal treatment. 



Spin coating of planar photonic crystals Chapter 2 

 

24 
 

Fig. 2.8a shows the thickness of spin coated and annealed PAA films against the 
concentration of the starting solutions. As in the case of CA, there is a clear linear 
relationship between the final thickness of the films and the solution concentration used 
to spin coat. The red lines indicate the fitted results. The x-intercept and slope of the fitted 
curves are reported in and in Fig. 2.8b versus the spin speed. As in the case of CA, the x-
intercepts assume a constant value, this time of 6 ± 2 g/l. The slope still follows a monotonic 
decreasing behavior. 
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Fig. 2.8 (a) PAA film thickness vs solution concentration for each spinning speed. In solid red lines are 
the linear fits (b) Parameters of the linear fits as a function of spin speed. 

Table 2.2 Linear fit parameters of the thickness of PAA films spin coated over PVK as a function of 
concentration for each spin speed. 

Spin speed (rpm) x-Intercept (g/l) Slope (nm·l/g) 

6000 8 ± 3 2.4 ± 0.5 

4650 4 ± 2 2.4 ± 0.7 

3300 5 ± 2 3.0 ± 0.8 

1950 5 ± 2 3.8 ± 0.9 

1110 5 ± 2 6 ± 1 

600 6 ± 2 8 ± 2 
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Fig. 2.9a reports the thickness of spin coated and annealed PAA films versus the rotation 
speed. Again, as in the case of CA films, for each starting solution concentration, the data 
can be fitted using a power law function like the one in eq. 2.1. We obtained an exponent 
of 0.570 ± 0.001, in agreement with literature, as reported for CA. The obtained k values 
are instead reported in Fig. 2.9b as a function of concentration. The parameter linearly 
grows and has an x-intercept of 5.4 ± 0.6 g/l in agreement with the intercepts previously 
found. 
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Fig. 2.9 (a) Thickness of PAA films created by spin coating over PVK as a function of spin speed. In red 
the allometric fit for every concentration (b) Multiplicative coefficient of the allometric fits as 
concentration function. 

Spin coating of Poly(N-vinylcarbazole) 
PVK  is generally used for LEDs as a transport layer or as emitting material blended with 
other molecules.45-48 Since it can form excimers, it presents feeble absorption and emission 
in the violet part of the visible spectra.48-49 However, due to the weakness of these effects, 
PVK can be considered transparent for optical applications and many works shows DBRs 
and microcavities made using PVK. Indeed, the proximity of the absorbing transition grants 
the material a high refractive index.34, 39, 42 Considering only the visible part of the EM 
spectrum, it’s possible to interpret the ellipsometric measures of PVK using a Sellmeier 
model for the refractive index. Fig. 2.10 shows the results of ellipsometry of PVK films. The 
index varies from 1.75 at 400 nm to 1.65 at 800 nm. Together with CA, then, it can grant an 
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index contrast greater than 0.2. 
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Fig. 2.10 Refractive index n of PVK films as deduced by ellipsometry using a Sellmeier model. 

Fig. 2.11 Reports two AFM measures before and after thermal treating PVK films. They show 
a very small roughness of 0.21 ± 0.09 nm which remain substantially unaltered after the 
treatment (0.18 ± 0.03 nm). Moreover, the annealing process doesn’t show any significant 
effect on films thickness. 

 
Fig. 2.11 AFM topographic map of spin coated PVK film. On the left, before thermal treament. On the 
right, after thermal treatment. 

PVK films may be growth over different substrates depending upon the low refractive index 
material we are using to create DBRs. We then studied the thickness of PVK films spin 
coating on both CA and PAA in order to look at the differences induced by the substrate. 
Fig. 2.12a shows the thickness of annealed PVK films spin coated over PAA. A linear behavior 
is clearly distinguishable. The data has been fitted and the results are reported in red. The 
fit parameters are reported in Table. 2.3 and in Fig. 2.12b as a function of solution 
concentrations. As in the previous cases, the fitted lines show x-intercepts that are constant 
(7.9 ± 0.9 g/l). The slope instead has a monotonic decreasing trend. 
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Fig. 2.12 (a) Thickness of PVK films created by spin coating over PAA as a function of concentration. 
In red the linear fit for every spin speed (b) Parameters of the linear fits as a function of the spin 
speed. 

Table. 2.3 Linear fit parameters of the thickness of PVK films spin coated over PAA as a function of 
concentration for each spin speed 

Spin speed (rpm) x-Intercept (g/l) Slope (nm·l/g) 

6000 9 ± 6 3.1 ± 0.6 

4650 8 ± 5 3.4 ± 0.6 

3300 7 ± 5 4.0 ± 0.7 

1950 8 ± 5 5.1 ± 0.8 

1110 8 ± 4 8 ± 1 

600 9 ± 4 12 ± 1 

 
Fig. 2.13 reports the thickness of annealed PVK films spin coated over PAA against the 
rotation speed. Even in this case, the thickness decreases with rotation speed and can be 
fitted using a power law function.  The fit gives us an exponent is 0.54 ± 0.01. Differently 
from the case of CA and PAA, the value is nearer to 0.5. Such difference may be due to the 
higher volatility of the polymer solvent. Indeed, a higher volatility favors evaporation and 
film drying, assuring a more complete volume reduction of the spin coated films. Fig. 2.13b 
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shows the k coefficient extracted by fits in function of solution concentration. Its value 
linearly grows and intercept the x-axis at 8.5 ± 0.6 g/l. 
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Fig. 2.13  (a) Thickness of PVK films created by spin coating over PAA as a function of spin speed. In 
red the allometric fit for every concentration (b) Multiplicative coefficient of the allometric fits as a 
function of the spin speed. 

We have conducted analogous measures spin coating PVK over CA. Fig. 2.14a shows the 
thickness of such films as function of solution concentration. As in the case of spin coating 
over PAA, the thickness is linear with solution concentration. The x-intercept and slope 
obtained fitting the data (in red) are reported in Table 2.4 and in Fig. 2.14b as functions of 
spin speed. The x-intercepts assume a constant value (7 ± 1 g/l). 
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Fig. 2.14 (a) Thickness of PVK films created by spin coating over CA as a function of concentration. In 
red the linear fit for every spin speed (b) Parameters of the linear fits as a function of the spin speed. 

Table 2.4 Linear fit parameters of the thickness of PVK films spin coated over CA as a function of 
concentration for each spin speed 

Spin speed (rpm) x-Intercept (g/l) Slope (nm·l/g) 

6000 7 ± 6 3.2 ± 0.7 

4650 7 ± 6 3.6 ± 0.7 

3300 6 ± 6 3.8 ± 0.7 

1950 5 ± 5 4.8 ± 0.8 

1110 9 ± 4 7.4 ± 0.9 

600 7 ± 3 11 ± 1 

 
Fig. 2.15a reports the thickness of annealed PVK films spin coated over CA versus the spin 
speed. Fitting again to a function of the form of eq. 2.1, we obtain an α exponent of 0.54 ± 
0.02, the same value found for spin coating over PAA. The k coefficient, instead, is still linear 
but has a different growing slope. Its value is reported in Fig. 2.15b as a function of 
concentration. The x-intercept is 6.6 ± 0.6 g/l, in accordance with the one found before. 
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Fig. 2.15 (a) Thickness of PVK films created by spin coating over PAA as a function of spin speed. In 
red the allometric fit for every concentration (b) Multiplicative coefficient of the allometric fits as a 
function of the spin speed. 

Spin coating PVK over CA and PAA revealed differences in the thickness of the grown film. 
In particular, no difference is observed in the exponent of the power law governing the 
thickness. However, a difference exists in the slope of the coefficient β. The only difference 
introduced between the two cases is the different substrate and, to our knowledge, few 
works are dedicated to the influence of the substrate on the spin coating process.14 It seems 
to take a role only in changing the linear coefficient linking the solution concentration to 
the final thickness and is not involved in the power exponent which is instead more related 
to the evaporation process. This makes an interesting subject to further investigation. 
For all the materials used we see that the thickness of the obtained layers follows a power 
law function with spin speed where the multiplicative coefficient β is linear with 
concentration. Then, for all the cases under investigation, we can relate the obtained film 
thickness t to spin parameters by: 
 

 t = m(c − c0)ω
−α (2.3) 

 
Where c0 is the x-intercept of the multiplicative coefficient, m its growth slope, and α is the 
fitted power exponent. The three parameters depend on the polymer/solvent pair used 
while m and 𝑐0 also depends on the spin coating substrate. Table 2.5 summarizes all the 
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obtained results. 
 
Table 2.5 Surface roughness and spin coating parameters obtained for each material studied in this 
work 

Material Solvent Substrate Roughness 
(nm) 

C0 
(g/l) 

M 
(nm 
sα) 

𝛂 

CA DAA PVK 1.8 ± 0.3 13 ± 1 
1453 ± 

95 
0.59 ± 
0.01 

PAA 
2-methyl-2-

butanol 
PVK 0.13 ± 0.02 

5.4 ± 
0.6 

304 ± 
14 

0.570 ± 
0.001 

PVK 
Chlorobenzene 

PAA 
0.21 ± 0.09 

8.5 ± 
0.6 

415 ± 
15 

0.54 ± 
0.01 

PVK CA 
6.6 ± 
0.6 

322 ± 
17 

0.54 ± 
0.02 
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Chapter III 

Sensing with polymer planar 

photonic crystals 
The stunning growth of goods production and the development of industries all over the 
world are releasing an increasing amount of harmful chemicals into the atmosphere, the 
water sources, and the soil. A special category of pollutants is represented by volatile 
organic compounds (VOC) which can be problematic for humans and are a serious 
environmental harm. This category includes all the organic compounds having boiling point 
included in the range 0-400 °C and can be further divided into subclasses: 

- very volatile compounds (Teb < 50 °C) 
- volatile compounds (50 °C <  Teb <  240 − 280 °C) 
- semi-volatile (240 − 280 °C < Teb <  380 − 400 °C). 

The category of VOCs contains a great number of substances including very common 
solvents like acetone, which is suspected to create neurological damages, or 
tetrachloroethylene, which is often used in dry cleaning and is a suspected carcinogenic 
agent.1-2 
The presence of VOCs in indoor environment can cause sick building syndrome,3 
characterized by eye and respiratory irritation, headaches, loss of coordination and 
nausea.4 The long-term exposure, instead, can damage liver, kidneys and the central 
nervous system. It also seems to exist a link between VOCs and the development of cancer.5 
The reaction of VOCs with oxygen sources like nitrogen oxides and carbon monoxides 
contributes to the formation of tropospheric ozone.6 Ozone, in addition to being a 
greenhouse gas and impacting on global warming,7 is a powerful oxidizing agent. Hence it 
causes respiratory illness8 and can easily react to form new toxic chemical species.9 

The presence of VOCs is not only related to the release by industrial processes but also to 
common activities performed in urban areas. Indeed, VOCs can be found in products used 
for painting works, dry cleaning, or refrigerators. They are also produced in wood burning 
and are common compounds released by photocopy machines.3-4, 10  
Since the compounds are so widespread and harmful, it is necessary to have reliable 
methods and devices to identify and monitor their presence in urban environments where 
often it is impossible to have clear hints about the nature of air pollutants. This uncertainty 
is indeed a great obstacle to the choice of the right treatments to operate in order to 
preserve people’s health. 
An ideal device for VOC detection in urban environment should be easy to use and easy to 
understand. It should also be easy to fabricate in order to be wide spread wherever is 
needed and selective in order to quickly decide the best treatments. In industrial 
environment, sensitivity and low detection limit are required to detect pollutants in low 
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concentrations (considering that for example benzene may be carcinogenic already at 1 
ppm). 
The established technologies can hardly fulfill all the requirements and research is still 
ongoing on these subjects.11 
Polymer DBRs may be good candidates linking the presence of VOCs to a simple colorimetric 
response12-13 and can be fabricated through techniques already used on industrial scale like 
co-extrusion.14 
In this chapter, we report about the working mechanism of DBR sensors and propose a 
model to describe their optical response. We also report on the production of a cellulose 
ternary photonic crystal which could be used for polar vapor sensing. While the vast 
majority of the experimental part has been conducted by Dr. Paola Lova, the simulations 
and the model creation has been conducted by the PhD candidate Giovanni Manfredi (this 
thesis author). For what it concerns instead sensing using cellulose ternary photonic 
crystals, all the experimental part, the data analysis and the writing of the related paper 
was conducted by this thesis author in collaboration with Prof. Robert Schennach, Technical 
University Graz - Austria. 
 

Working principles of planar photonic crystal sensors 
As already explained in Chapter 1, PhCs present a strong optical response linked to the 
dimension of the periodic elements in the dielectric lattice and to the refractive index of 
the media composing the crystal. A change in any of these parameters influences the optical 
response. Then, it is possible to place a PhC in contact with an analyte that penetrates in 
the PhC and exploit the response of the media composing the system to study the analyte 
itself through optical techniques like VIS or IR spectroscopy. Although it is possible to study 
the whole optical response of a PhC,15-16 often it is convenient to study just the PBG and its 
variation over time. The PBG is characterized by a peak of reflectance which is easily 
observable through visible spectroscopy or even with naked eye if the reflectivity is 
particularly intense. If observed in reflectivity or transmittance, the PBG is characterized by 
a spectral position λPBG, a width ΔλPBG, and a maximum intensity RPBG or TPBG. In the case 
of DBRs, which are the system studied in this thesis, we recall that the first order PBG 
wavelength position λPBG follows the laws:17 
 

 

 

λPBG = 4(dH + dL)
nHnLcosθHcosθL
nHcosθH + nLcosθL

TE polarization

λPBG = 4
dH cos

2 θH + dL cos
2 θL

nHcosθL + nLcosθH
TM polarization

 
(3.1) 

 
 (3.2) 

 
Where nH, dH are the refractive index and thickness of the high index material and nL, dL 
are the refractive index and thickness of the low index material. θH,L are the light 
propagation angles inside the high and low index materials which can be derived by Snell 
law ni sin θi = nj sin θj. The reflectivity of the PBG is dependent upon the number of bi-

layers composing the PhC and, if the system is in the λ/4 condition and the substrate has 
refractive index 𝑛𝑠𝑢𝑏, one can apply the formula:18 
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RPBG = 1 −
4

nsub
(
nL
nH
)
N

= 1 −
4

nsub
(1 −

Δn

nH
)
N

 (3.3) 

 
Which states that the maximum reflectivity increases with the increase of the number of 
bilayers N and increases for higher difference in the indexes of the materials composing the 
PhC (Δn). 
The spectral width of the PBG in λ/4 condition, instead, is ruled by the law: 
  

 
ΔEPBG =

4EPBG
π

nH − nL
nH + nL

=
4EPBG
π

Δn

2nL + Δn
 (3.4) 

 
Where ΔEPBG is the spectral width of the PBG in energy and EPBG is the energy of the first 
order PBG. This formula states that the band gap gets larger for higher difference in 
refractive index among the materials composing the PhC. 
Eqs. 3.1-3.4, already reported in chapter 1 but recalled here, are pretty useful if we want to 
understand what happens when we change one of the parameters of the layers composing 
a DBR. 
A change in layers thickness directly shifts the optical response of a DBR. An increase of the 
thickness mainly shifts the optical response toward the red while a decrease of layers 
thickness induces a blue-shift as shown in Fig. 3.1 for a calculated example DBR made by 
poly(N-vinylcarbazole) and cellulose acetate. The effect on PBG width and intensity is very 
modest and depends mainly on the change of spectral position which induce a narrowing 
in wavelength since the PBG width is constant in energy as described in eq. 3.4. 
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Fig. 3.1 Variation of PBG in an example DBR for a variation of layers thickness of about 30%. 

A change in refractive index instead, modifies both the spectral position and the intensity 
and width of the PBG. In particular, if one of the two indexes increases, the PBG shifts 
toward longer wavelengths whereas it shifts toward shorter wavelengths if one of the two 
indexes decreases. The width and the intensity increase or decrease depending upon the 
new Δn induced by the modification of the index. The effect of modification of high 
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refractive index is shown in Fig. 3.2 for an example DBR completely similar to the one of Fig. 
3.1. 
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Fig. 3.2 Variation of PBG in an example DBR for a variation of higher index of about 10%. 

If an analyte can diffuse inside a DBR, it can modify the PhC layers thickness or refractive 
index. The induced modifications can then be tracked using optical methods. However, it is 
interesting to quantify the magnitude of the changes in the optical response. Indeed, if we 
consider an analyte in liquid phase, the amount of material that can diffuse inside the DBR 
may be high and the modifications induced might be quite strong. In literature, DBR 
structures have been proposed for sensing of analytes in liquid phase.19-21 
If we are interested in airborne VOC detection, however, the concentration of analyte might 
be much smaller compared to liquid phase. Hence, the amount of material that can diffuse 
and modify thicknesses or refractive indexes can be quite small and induce only slight 
modifications. To have a sensor for these compounds then, it is necessary to have a very 
high sensitivity of the materials to the analyte and a high porosity in order to favor diffusion 
and accumulation. In literature, DBRs of this kind have been proposed,22-24 however they 
are affected by either low response time or high production complexity. 
 

Polymer DBRs for sensing 
Polymers and nanocomposite materials allows to obtain process-ability and favor diffusion 
of analytes at the same time. Moreover, they respond to common solvents swelling in a 
vigorous way. The thickness of a polymer layer may double in the presence of specific 
solvents in air. Due to these reasons, they can be used in DBRs for vapor phase solvent 
sensing.13 Moreover, the use of specific polymers may grant selectivity to different analytes 
without using labels.12 
As part of her PhD project, Dr. Paola Lova, in collaboration with us, worked on the 
production of polymer DBRs for vapor sensing. As a starting point, she worked on the 
implementation of polystyrene-ZnO nanoparticles nanocomposites in standard DBR to 
increase permeability to vapor analytes.25 More specifically, the work studied the optical 
response modification induced by toluene vapor exposition. Pure PS/cellulose acetate DBRs 
were weakly sensible to toluene and their response times were very low. The use of a very 
porous nanocomposite speeds up the response and allows to achieve better results as 
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shown in Fig. 3.3. 

 
Fig. 3.3 Optical response to toluene vapor of DBR sensors. Nanocomposite DBR on the left and PS/CA 
DBR on the right. a), a’) Contour plots of the transmittance spectra collected every 5 minutes; b), b’) 
Corresponding transmittance spectra; c), c’) Time dependent differential transmittance at the initial 
stop-band wavelength. Taken from Paola Lova’s PhD thesis with her permission. 

The response of the nanocomposite DBR to toluene vapor exposition has been studied for 
long time expositions and the transmittance over time is reported in Fig. 3.4 as a contour 
plot. On the x-axis is the wavelength and on the y-axis is the time in minutes. The 
transmittance is color coded from red (low transmittance) to blue (high transmittance). The 
PBG of the sample is visible in red as the low transmittance area. At the beginning is placed 
at about 1480 nm. As the time goes by, it first reduces in intensity and slightly redshifts. 
After about 15 minutes, the PBG is not visible anymore (labelled with * in Fig. 3.4) and then 
appears again at much longer wavelength (~1800 nm) after about 70 minutes (labelled with 
*’ in Fig. 3.4). After this time, the PBG keeps red-shifting until it reaches a saturation point. 
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Fig. 3.4 Measured transmittance of a PS:nanocomposite/CA DBR exposed to toluene vapors. Taken 
from Paola Lova’s PhD thesis with her permission. 

This complicate behavior of the sample optical transmittance suggests that an 
inhomogeneous change of the properties of the layers composing the system occurs. 
Indeed, the disappearance of the PBG might be induced only by a worsening of the system 
periodicity which is the main responsible for photon propagation inhibition. In order to fully 
understand the modifications occurring during toluene exposure we tried then to model 
the response of a generic DBR exposed to some solvent vapors. The simulation, which has 
also been reported in the paper published,13 has then be extended to describe the case of 
methanol penetration inside a PS/CA DBR which has a drastically different behavior.26 In 
fact, as reported in Fig. 3.5, in this second case the PBG swells over time without 
disappearing and without changing drastically in intensity. This behavior suggests that the 
homogeneity of the layers composing the system is maintained over time and the 
periodicity never comes less. 
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Fig. 3.5 Contour-plot of the temporal evolution of a PS/CA DBR reflectance spectra during methanol 
exposure. Taken from a paper in preparation26 with the main author’s permission. 

Modeling of DBR response during solvent vapor exposure 
To simulate the response of polymer DBRs during exposure to solvent vapors, we set-up a 
model accounting for the concentration of solvent in each layer of the system. To create the 
model, we need some hypothesis. First, we assume the penetration of the analyte inside 
the PhC is diffusion driven. It is then a gradient of concentration to supply the driving force 
of the process. 
We also assume the solvent concentration in air is constant, meaning that an infinite source 
of solvent is placed in the environment but not directly in contact with the DBR. 
We also assume that only one of the two materials composing the DBR responds to the 
solvent molecules. Indeed, in the case of PS:nanocomposite/CA exposed to toluene it is 
resonable toluene only modifies PS properties while in the case of PS/CA exposed to 
methanol, the only material responding to the alcohol should be CA. This is given by the 
fact that PS is soluble in apolar solvents and is resistant to polar solvents whereas CA is 
soluble in polar solvents and resistant to apolar solvents. It is worth to notice that this 
solvent orthogonality is a basic prerequisite to create DBRs by spin coating (chapter 2).27 
If an orthogonal solvent penetrates inside the PhC, it forms a unique phase with the 
material it dissolves and does not affect the other one. This led us to consider one material 
as a solvent absorber and the other one as a barrier to solvent diffusion. Since a DBR is 
composed by parallel alternate layers, we can then define the system as a series of layers 
in contact one with the next. Each absorbing layer can retain a certain amount of solvent 
and work as a reservoir having a certain solvent concentration ci. We must point out that 
doing so, we assumed the concentration profile of solvent inside each absorbing layer is 
uniform, meaning that the typical diffusion time inside the layer is much faster compared 
to the time needed to the solvent to diffuse from one layer to the next one. This assumption 
will be justified later on in this chapter. The situation is sketched in Fig. 3.6. 
Finally, we assume that analyte flux occurs crossing surface of the sample thus neglecting 
uptake from the sides of the sample. This reasonable since the typical lateral area is orders 
of magnitude lower than the surface one. 
 



Sensing with polymer planar photonic crystals Chapter 3 

 

42 
 

 
Fig. 3.6 Sketch of the model used to simulate DBR response to vapor exposure. The layers filled with 
dots are barrier layers. 

In this model, the solvent can be exchanged by any i-th layer only with the adjacent ones 
(i±1). Since there’s always a barrier between them, the solvent finds a resistance to 
diffusion and its flux from the layer i to the layer i+1 follows a Fick like law: 
 

 Ji→i+1 = Pi,i+1(ci − ci+1) (3.5) 
 
Where Pi,i+1 is a permeability constant depending upon the properties of the barrier layer 
(Bi) between two adjacent absorbing layers Ai, Ai+1 and ci, ci+1 are their solvent 
concentrations. We assume each 𝑃𝑖,𝑖+1 is constant in time and not dependent on the layers 

solvent concentration. We also supposed, as a first approximation that the sorption 
coefficients are unitary. The sorption coefficient, which is basically defined as the 
concentration difference between two materials in equilibrium, may play a significant role 
in the exchange of material but we are not able to measure it with our instrumentation. We 
decided then to neglect it and try to get a qualitative modeling as an initial step to approach 
the problem. We point out that the permeation of vapors inside polymers is not a well 
investigated subject and a full analytical analysis is absolutely out of the scope of this work. 
To each 𝐴𝑖, we assign a certain volume Vi that changes with its solvent concentration. We 
assume the dependence to be linear: 
 

 Vi = Vi
0(1 + α ∗ ci) (3.6) 

 

Where Vi
0 is the dry layer volume (before exposure) and α is a linear parameter which keeps 

into account only for a first order Taylor expansion of the real V(c) dependence. This is a 
swelling factor depending on the amount of analyte there grabbed. 
The area of the DBR surface, which is also the area of each layer, is bounded to the substrate 
dimension and does not change during the exposure to vapors. If we call this area A and 
the layers thickness hi, we can write: 
 

 
hi =

Vi
A
= hi

0(1 + α ∗ ci) (3.7) 

 
Knowing the flux of solvent in and out of each absorbing layer and knowing its volume, we 
can write a mass balance equation: 
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 dQi

dt
= A ∗ (Ji−1→i − Ji→i+1) (3.8) 

 
Where Qi(t) is the total amount of solvent inside the ith layer at the time t. Since we know 
the layer volume and the amount of material inside it we can now write 
 

 
ci =

Qi
Vi

 (3.9) 

 dci
dt
=
1

Vi
(
dQi
dt

−
Qi
Vi

dVi
dt
) =

1

Vi
(
dQi
dt

− ci
dVi
dt
) (3.10) 

 
Inserting eq. 3.6 inside eq. 3.10 and using some simple algebra, we obtain 
 

 
dci
dt
=
dQi
dt
 
1

Vi
(1 + α

Vi
0

Vi
ci)

−1

= 

dQi
dt

Vi
0(1 + 2αci)

 (3.11) 

 
We can now insert eq.  3.8 in eq. 3.11 and, considering eq. 3.7, we get 
 

 dci
dt
=
Ji−1→i − Ji→i+1

hi
0(1 + 2αci)

=
Pi−1,i(ci+1 − ci) − Pi,i+1(ci − ci+1)

hi
0(1 + 2αci)

 (3.12) 

 
Which links the variation in concentration of solvent in the ith layer to the concentration in 
the layers i-1 and i+1. Since the DBR is a periodic structure, the permeability Pi,i+1 must be 
equal among any pair of layers and we call it PDBR. The only permeability that can be 
different is the one between the first layer and the air which we call Pext. Moreover, the dry 
thickness h0 and the first order swelling parameter α are the same for every layer. We can 
then write a system of equations 
 

 

{
 
 
 
 

 
 
 
 
dc1
dt

=
Pext ∗ (c0 − c1) − PDBR(c1 − c2)

h0(1 + 2αc1)
⋮

dci
dt
=
PDBR ∗ (ci−1 + ci+1 − 2ci)

h0(1 + 2αci)
⋮

dcn
dt

=
PDBR ∗ (cn−1 − cn)

h0(1 + 2αcn)

 (3.13) 

  
Where we consider no diffusion through the substrate for the last layer n, being usually 
glass. This system of equations can be numerically solved using Euler’s method and putting 
as bounding conditions: 
 

 ci(0) = 0     for     i = 1,2, … , n (3.14) 
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Meaning that at the starting time the DBR is completely dry. 
Having a system of equations able to provide 𝑐𝑖(𝑡), we can now find the thickness of each 
layer in the DBR using eq. 3.7. The evolution of layers thickness will be discussed ahead. 
However, now we need to make some further comments about the used model. 

 

Diffusion in single layers 
As already stated in the previous paragraph, we supposed that the diffusion of solvent 
inside a single layer is much faster than the diffusion through one soluble layer and the next 
one. To evaluate the consistency of this assumption, we must address the problem of 
diffusion inside a single layer and see if the time needed for the solvent to assume a 
constant concentration inside a single layer is much smaller than the time needed for the 
overall system to swell. 
Let us then suppose that a small amount of solvent can penetrate inside a layer and diffuse 
inside it with creating only a negligible swelling. Since we supposed that the intralayer 
diffusion is very small, we can approximate the two sides of the layer as non-permeable 
barriers. We can now calculate how much time the solvent takes to obtain a homogeneous 
concentration inside the layer. This can be done finding an analytical solution to the 
problem following the approach proposed by Crank.28 
We limit ourselves to the one-dimensional diffusion along x-axis. In this case, Fick’s second 
law takes the form of eq. 3.15 and one of its possible solutions in a homogeneous media is 
reported in eq. 3.16. 
 

 ∂C

∂t
= D

∂2C

∂x2
 (3.15) 

 
C =

M

√πDt
e−

x2

4Dt (3.16) 

 
Here D is the diffusion coefficient and M is constant which defines the total amount of 
material solved in the system. 
The function, considered only for x>0, represents the spreading of a material inside a semi-
infinite slab if it is initially concentrated in an infinitesimal thickness layer placed at x=0. 
Since eq. 3.16 has null first order derivative, the solution is also suitable if an impermeable 
barrier is at x=0 as it implies no mass transport at that position. If we want to consider a 
layer of thickness h where no mass transfer can occur at the borders, we can put a second 
impermeable barrier at x=h. The new solution then, must have null first order derivative 
also at x=h. To find a solution of this kind, we can exploit the linearity of eq. 3.15 and just 
add to eq. 3.16 a specular solution which mimics the reflection of the solvent by the barrier 
at x=L. 
 

 
C =

M

√πDt
(e−

x2

4Dt + e−
(2h−x)2

4Dt ) (3.17) 
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The new function in eq. 3.17 is now compatible with a barrier at x=L but not compatible 
with a barrier at x=0. In order to account for both, then, it is necessary to sum infinite 
reflections, finally obtaining 
 

 
𝐶 =

𝑀

√𝜋𝐷𝑡
{e
−
x2

4Dt +∑[𝑒−
(𝑥+2𝑛ℎ)2

4𝐷𝑡 + 𝑒−
(2𝑛ℎ−𝑥)2

4𝐷𝑡  ]

∞

𝑛=1

}

=
𝑀

√𝜋𝐷𝑡
∑ 𝑒−

(𝑥+2𝑛ℎ)2

4𝐷𝑡

∞

𝑛=−∞

 

 

(3.18) 

 
The function of eq. 3.18, obviously, is valid in the interval 0<x<h and its integral is equal to 
the integral from -∞ to +∞ of 3.16, which is M. We have then obtained the right equation 
to describe the diffusion of solvent inside a flat layer of thickness h which is infiltrated at 
time t=0 by an amount M of material. 
In this chapter, we report two main cases of polymer DBR solvent exposure: PS/CA DBR 
exposed to toluene vapors and PS/CA DBR exposed to methanol vapors. If we examine the 
case of methanol exposure, we can find in literature that the methanol diffusivity in CA is 
D=2.5*10-8 cm2/s.29 Moreover, we know from optical simulations on the sample DBR that 
each CA layer is 167 nm thick when dry and becomes 185 nm at the end of exposure with 
a swelling of about 11%. As self-consistency proof then, we can limit ourselves to the case 
of a fully swelled layer, suppose the solvent can’t swell the layer anymore and account for 
the time the solvent takes to reach a uniform concentration. Fig. 3.7 reports the solvent 
concentration profile inside a single polymer layer for different times calculated using the 
parameters just reported. The calculation has been done considering a total amount 𝑀𝑡 of 
methanol and approximating for 11 terms in the sum of eq. 3.18. For short times, the 
methanol is more concentrated at the beginning of the layer. As the time goes by, it diffuses 
in the layer until the concentration becomes homogeneous. Remember that the 
supposition was that no transport or very inefficient transport occurs at the layer borders. 
The time the system takes to become homogeneous is quite short, in the order of some ms. 
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Fig. 3.7 Concentration profile of methanol inside a 185-nm-thick CA layer at different times. 
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To understand how much the concentration of methanol is homogeneous inside the layers, 
we compare the profiles with their variations. Indeed, we calculate the standard deviation 
of the concentration inside the layer and then divide by its mean value. Repeating the 
measure for each time under consideration, we can then observe how the dishomogeneity 
of the system decays over time. Fig. 3.8 reports this relative standard deviation as a function 
of time. After just 4 ms, the dishomogeneity drops by almost 3 orders of magnitude. If we 
compare this time with the typical experimental transition time observed in Fig. 3.5, we 
notice that the latter, being in the order of minutes, is much longer. Then, supposing that 
the processes occurring during exposure is limited by interlayer mass transport and not 
intralayer diffusion is self-consistent. 
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Fig. 3.8 Mean normalized standard deviation of the concentration profile of methanol in a CA layer as 
a function of time. 

Simulation of the sensor optical response 
The model so far proposed is able to simulate the swelling of polymer layers inside a DBR 
and supply their thickness as a function of time. However, it is not able to directly give the 
spectral response of the system. To calculate the spectral response, it is possible however 
to use the transfer matrix method.30 The method is suitable to calculate the transmittance 
and reflectance spectra of planar multilayer structures once the parameters of the system 
are known. In particular, the most important parameters are the thickness of the layers 
composing the PhC and their refractive index. We can calculate the thicknesses using the 
model discussed in this chapter, but we have no information about the change of refractive 
index of polymers during the exposure to solvents. Since the layers change their thickness 
adsorbing solvent, one may think that also the refractive index of the polymer should 
change. 
With the optical data in our hands, we cannot assess on the role of the refractive index 
during exposure. However, as a first approximation, we can suppose that, if a change of the 
index occurs, it is negligible compared to the change in thickness. Indeed, while the 
thickness may double, the refractive index cannot have so strong variations as empirical 
evidence shows. Observing Fig. 3.4 and Fig. 3.5, the PBG before and after exposure retains 
similar widths, meaning that the dielectric contrast between the materials composing the 
DBR is not significantly changed. At this point, we assumed that the refractive index of each 
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materials remains constant during exposure. Moreover, we can estimate a change in the 
refractive index using the Drude model for effective medium.31 Let us reduce ourselves to 
the case of CA and methanol again. We suppose that the methanol penetrates inside the 
free volume created swelling the polymer and condensates there. The swelling induced by 
methanol is 185/167 which is the ratio between the final and initial thickness of the CA 
layers as extracted by optical simulations. If we suppose that the excess volume is only 
methanol and considering a refractive index of 1.33,32 we can extract a modification in the 
refractive index of 0.8%, which is much lower than the 11% change in thickness. Since the 
modification is very reduced, we used the dispersions previously measured through 
ellipsometry for non-swelled films (chapter 2) to simulate the optical response of the 
systems without accounting for solvent induced changes. 
 

Model parameters and critical points 
The model has some critical points. First of all, we supposed no change in refractive index. 
Although this is a reasonable assumption as the experimental evidences suggest, it may not 
be valid in a lot of different solvent-polymer pairs we can investigate Indeed, in the final 
part of this chapter, we report an example where the index seems to change.33 
Another critical point is the assumption that the swelling is linear with the solvent 
concentration. A supposition like that may be real for small quantities of solvent but may 
change for higher concentrations. 
The fact that we supposed fast diffusion of solvent inside one of the two layers means that 
is the non-swelling polymer to limit the diffusion process which may be a too crude 
approximation. 
Moreover, the model relies on some parameters which are just simulation parameters and 
are not simply related to known and easily measurable physical properties. One example is 
the permeability P used to characterize the diffusion through a non-permeable layer. In 
order to have a real estimation of this parameter, we need to know the exact diffusivity of 
the barrier layers as well as the sorption coefficient of every layer in the system. 
Due to these reasons the model cannot be used to give quantitative analysis. It can however 
be used to understand in a qualitative way what’s happening inside a polymer PhC during 
exposure to solvents in very particular cases like the ones we studied. 
 

Effects during solvent exposure 
Having a model that simulates the exposure of DBRs to solvents, we can now better 
investigate what happens inside the PhC in a qualitative way. We limit ourselves to the cases 
reported before in this chapter. To simulate sample exposure, we used the structures 
reported in Fig. 3.9 The panel (a) reports the structure exposed to methanol, which is 
composed by the glass, 30 alternated layers of PS and CA and a final PS layer in contact with 
air. Panel (b), instead, reports the structure exposed to PS which is composed by the glass, 
30 alternated layers of PS:nanocomposite and CA and a final PS:nanocomposite layer in 
contact with air. 
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Fig. 3.9 Schematic structure of the DBRs used to create the simulations of this chapter. (a) Structure 
of the sample used for methanol exposure. (b) Structure of the sample used for toluene exposure. 

Fig. 3.10 reports a contour map showing the simulated reflectance of the PS/CA DBR 
exposed to a solvent that modifies the properties of CA layers only. The parameters are 
chosen in order that the CA layers swell from 167 nm when dry to 185 nm when fully 
exposed. The permeabilities, as already discussed, are arbitrary parameters. They have 
been chosen in a way that PDBR = 1000 Pext. In the map, in light blue is the low reflectance 
background while in red is the high reflectivity created by the PBG. As time passes, the PBG 
shifts from about 850 nm to about 950 nm. The process is fast and the PBG position 
stabilizes in a short time. 
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Fig. 3.10 Contour-plot of the modeled temporal evolution of a PS/CA DBR reflectance spectra during 
exposure to a CA solvent. The permeabilities maintain the ratio PDBR = 1000Pext. 

If we observe Fig. 3.5, we can notice that in the experimental case the PBG position is 
almost constant for long exposure times, in agreement with our model. However, a careful 
analysis shows that the swelling is not completely arrested for the time interval we 
examine. Indeed, as the PBG shifts, the shift becomes slower but a very weak drift is still 
visible. Although our model gives a good approximation of the DBR behavior, it is not able 
to reproduce in full the experimental data unless we consider a non-linear permeability, 
hence, to calculate the flux of material from one layer to the next one we would have to 
leave Eq. 3.5 and use a more complex law: 
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 Ji→i+1 = Pi,i+1(ci − ci+1) + 𝑃𝑖,𝑖+1

𝑁𝐿 (𝑐𝑖 − 𝑐𝑖+1)
2  (3.19) 

 
Such special case may be induced if the permeability is not constant with solvent 
concentration, but this hypothesis is far outside the scope of this work, which is limited to 
provide a first tentative description of the phenomenon. Notice that, at the best of our 
knowledge, this correlation between permeation and optical response has never so far 
reported in literature and what is more interesting from our point of view, instead, is the 
behavior of the different layers being exposed and how the PBG shifts uniformly. Fig. 3.11 
reports the thickness of all the layers composing the DBR during vapor exposure using the 
proposed model. In this case, all the plots are superimposed, meaning that at any moment 
all the layers have the same thickness. In this situation, the periodicity of the system is 
maintained and the PBG never disappear.  
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Fig. 3.11 Thickness of the different layers composing the simulated DBR during exposure. 

If the permeability ratio is changed, instead, the shift of the PBG becomes more complicate. 
In order to study the effects of different permeabilities we can analyze the case of Fig. 3.4, 
which reports the spectra of a PS:nanocomposite/CA DBR exposed to toluene vapors. In 
that case, as already described, the PBG does not shift as a single entity but first disappears 
and then reappears at longer wavelengths showing many side bands in the meanwhile. 
Such effect may also be reproduced by our model. We can simulate the response using the 
known refractive indexes and the thicknesses obtained by optical simulations and 
profilometries.11 Fig. 3.12 reports the simulated spectra. The permeabilities have been 
chosen in a way that PDBR = Pext. Again, the time scale is in arbitrary units because the 
model is not able to supply a quantitative modeling, at the moment. In order to have a fully 
quantitative analysis, the P coefficient should be measured and not used as fit parameters. 
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Nonetheless, we can recognize all the effects previously mentioned. The PBG disappears 
and rappears again at longer wavelengths. At the same time, some side bands gain in 
intensity and the disappear again. 
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Fig. 3.12 Contour-plot of the modeled temporal evolution of a PS:nanocomposite/CA DBR reflectance 
spectra during exposure to a PS solvent. The permeabilities maintain the ratio PDBR = Pext. 

It is interesting to study the thickness of each layer in this case. Fig. 3.13 reports the 
thickness of each layer calculated by the model. Conversely to the case of Fig. 3.11, the 
thicknesses are not superimposed. Each layer swells from 378 nm at the beginning to 
almost 515 nm in the end but with different speeds. Data in Fig. 31.13 show that, for some 
time intervals, every layer has a different thickness from the others, breaking the periodicity 
needed to create the PBG. This is visible in the reflectance spectra of Fig. 3.12 when the 
PBG disappears from 5 to 20 time units.  
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Fig. 3.13 Thickness of the different layers composing the simulated DBR during exposure. 

The main difference among the two cases of Fig. 3.10 and Fig. 3.12 is in the ratio between 
the external and internal permeability. These two modeling parameters are indicative of 
the resistance encountered by the solvent during the diffusion from air to the first swelling 
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layer and from one layer to the next one, respectively. Such difference must be dictated by 
differences in the non-soluble layers. In the case of methanol exposure, the first PS layer 
prevents direct contact between air and CA. In this way, it strongly hinders the adsorption 
of solvent. Such barrier, however is not so strong inside the PBG where the diffusion from 
one CA layer to the next one is much faster. This difference in permeation barrier may be 
assigned to mechanical and chemical stresses induced by the growth of CA layers over the 
PS films; growing that lacks in the outermost PS barrier stratum. The high internal 
permeability allows the layers to immediately homogenize their concentrations before 
more solvent can be adsorbed by the DBR. 
In the case of the PS:nanocomposite DBR exposed to toluene, instead, the outermost layer 
is composed by the polymer that swells. We can suppose that, in this case, the uptake of 
solvent by the outermost layer is even faster than the internal diffusion and the swelling 
layers do not have enough time to become homogeneous before the first layer uptake more 
solvent. 
Using this model then, we have been able to have a better understand of the processes 
occurring during DBR exposure to solvents. The results also encourage further 
developments and improvements in the model in order to transform a qualitative analysis 
tool to a fully quantitative instrument. To this end, permeability, sorption, and diffusion 
measurements are key factors as would allow us to obtain the parameters we are now just 
arbitrarily setting. 
 

Cellulose ternary planar photonic crystals for sensing 
During the author’s PhD thesis work, part of the time was dedicated to the production of a 
ternary photonic crystal using cellulose in collaboration with Prof. Robert Schennach from 
the Graz University of Technology.33 Cellulose is biodegradable, renewable and one of the 
most abundant polysaccharides in nature. Despite its vast employment since millennia, it 
still is a material under a lively investigation. It is used for many applications and in many 
forms as fibers, films, plastics, composites and paper.34 For the first time, we demonstrated 
the creation of cellulose planar photonic crystals using solution processing and studied their 
application for sensing. The samples we created were produced using spin coating in a 
bottom-up approach. 
The multilayered photonic crystal structure subject of this study is composed by seven 
alternated tri-layers of Cellulose, Polyvinyl alcohol (PVA), and PVK.  
PVA was dissolved in a 50/50 volume mixture of water and ethanol (20 g/l) while PVK was 
dissolved in toluene (28 g/l). Cellulose is hard to solvate in common organic solvents and it 
is difficult to form a solution easy to process by spin coating. Some solvents have been 
proposed to prepare thin film of cellulose like trifluoroacetic acid,35 N-methylmorpholine-
N-oxide with water36, or lithium chloride in dimethylacetamide.37 Such solvents, however, 
have been used to produce single layers and they cannot be efficiently used to grow a 
multilayer structure were the growth of several layers one over each other requires 
stringent conditions.38 We used trimethylsilyl cellulose (TMSC) with a degree of substitution 
of 2.8–3.0 as a pure cellulose precursor.39-43 5 g/l TMSC have been dissolved in toluene and 
then heated to 80 °C in order to favor the dissolution. Such solutions have been filtered 
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using a PTFE syringe filter (0.2 μm) and then spin cast using the same conditions of the 
other polymers (125 rps for 60 seconds). After a thermal treatment, these new layers have 
been exposed to hydrochloric acid vapors. A drop of HCl 10% has been put in a closed petri 
dish together with the new spun layer so that the liquid does not touch the sample. The 
sample has been then kept inside the chamber for ten minutes. 
The creation of a trilayer structure was motivated by the fact that the toluene solubility of 
TMSC might create problems when casting it over PVK layers since it will destroy the surface 
exposed to the solvent. The PVA layers are then inserted in order to protect the PVK ones.  
Samples we obtained show good optical quality and are quite homogeneous. Fig. 3.14 
reports reflectance spectra recorded in different spots on the surface of a sample. The 
spectra clearly show a reflectance peak at 460 nm which is about 100 nm wide. This is the 
signature of the PBG. Below 300 nm, the typical absorptions of the carbazolyl group44-45 are 
observed mixed to the second diffraction order photonic band gap, which is often observed 
in polymer DBR and microcavities.13, 46-47 Moreover, interference fringes are detected in the 
spectra background, which further testify the optical quality of the ternary structure. 
Fringes deeply extend in the near infrared. Comparing the spectra recorded in different 
points, it can also be seen that the optical response is quite uniform thus indicating the PhC 
being quite homogeneous over the whole surface. 
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Fig. 3.14 Reflectance spectra of the triblock DBR as recorded in different points over the surface of 
the sample. 

We also examined the trilayer sample through transmission electron microscopy (TEM). Fig. 
3.15a shows a TEM cross section of the ternary photonic crystal. Despite the evident 
delamination, which is proven by the deformed bottom layer and by the other TEM image 
in Fig. 3.15b, we can observe many layers ordered in a repeated trilayer structure. This 
proves that the bottom-up spin coating does create different layers and avoid percolations 
and mixing of polymers. However, the periodicity of the layers is quite bad. We can suppose 
that this is given by the immersion in water used to prepare the samples for TEM imaging. 
Indeed, during the preparation for this analysis, the sample has been manually peeled off, 
embedded in epoxy (Specifix 40, Struers GmbH, Germany), cured for 4h at 70°C, and 
afterwards sliced using an ultramicrotome UC6 (Leica Microsystems, Vienna, Austria). The 
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cut ribbon was left to fall in water and then collected from the liquid surface and transferred 
to a 75 mesh grid coated with formvar (using a Perfect Loop, Diatome). In the process, the 
structure inevitably came in contact with the water that could penetrate deep inside the 
crystal and swell cellulose creating the disorder visible in Fig. 3.15a and b. 
 

 
Fig. 3.15 TEM cross section of the spin coated planar ternary PhC. 

Since the contact with water was of the sample was so detrimental for the sample, we have 
envisaged the use of this cellulose trilayer structure for sensing of water vapors. We then 
exposed the created PhC to water vapors for two and a half hours. Fig. 3.16 reports the 
transflectance spectra recorded during this time. At the end of the process, we can observe 
three main effects. The PBG redshifts of about 50 nm, its intensity increases, and its width 
passes from 0.33 eV to 0.41 eV. The red shift is induced by the swelling of the polymer layers 
as previously discussed in this chapter. The broadening of the PBG upon exposure and the 
corresponding intensity increase instead, can be due to some disorder induced in the 
structure during exposition or to a change in refractive indexes. Such change, which has 
been neglected during the rest of this chapter, seems to be quite strong and the remarkable 
response of our tri-block DBR to vapor strongly suggests the development of similar systems 
for polar molecules vapors sensing. Indeed, even though we are working in saturated 
atmosphere (unitary activity), the red shift observed for water vapor exposition (about 50 
nm) and the change in the width is very clear. The entity of the shift, together with the 
position of the bandgap inside the visible spectra, joined to the easy fabrication procedure, 

(a) 

(b

) 
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envisage the use of our planar all-polymer photonic crystals as chromatic photonic sensors 
with naked eye detection. 
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Fig. 3.16 Transflectance of the triblock planar PhC as a function of exposure time to water vapors. 
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Chapter IV 

Spectral redistribution of 

nanocrystals emission 
PhCs and microcavities are interesting systems, which can find many applications. As 
already discussed throughout this thesis, all-polymer DBRs and microcavities have been 
already proposed as sensors,1-3 lasers,4-7 and all-optical modulators.8-10 A particular interest 
is also devoted to the study of the modifications induced by the photonic environment to 
the properties of emitters. Concerning this argument, experimental works have been 
focused on inorganic microcavities that require complicated synthetic routes both time and 
costs expensive.11-17 Spectroscopic properties, field confinement, and directional emission 
in the case of all-polymer systems, instead, have not been exhaustively addressed yet.4-7 
This organic kind of structures can in principle be mass produced thanks to established 
fabrication technologies currently used in packaging industry,18-23 hence being interesting 
from an industrial point of view.  On the lab scale, instead, polymer multilayers can be easily 
prepared by spin-coating as largely discussed throughout the thesis. Moreover, polymer 
structures can be peeled-off from the substrate leading to free-standing and flexible 
photonic crystals adaptable to pre-formed surfaces (Fig. 4.1).1, 5-6, 20-21, 24-33 
To study the optical properties modifications induced by polymer PhCs, a suitable reference 
material is desirable. In particular, colloidal nanocrystals (NCs) are considerably attractive 
thanks to their high fluorescence QY and spectral tunability through electronic structure 
engineering and surface functionalization. This kind of material can be adjusted in 
composition and shape to obtain tailored and stable electronic properties.34 The choice of 
materials and shapes is very wide, offering the possibility to create lot of different NCs. In 
particular, CdSe have been used in lot of works. CdSe nanoplatelets35 or core-shell 
structures as CdSe/CdS dot-in-rods36 (DiRs) or giant-shells37-38 have been used in several 
light-emitting applications,39-43 including lasers working both in the pulsed and in the 
continuous wave regime.44-50 Given their high surface-to-volume ratio, surface 
functionalization offers a great way to improve NCs properties. For instance, it is possible 
to improve passivation thus reducing photoluminescence (PL) quenching defects51-55 or 
allowing solubility in many organic and polar solvents including water.56-60 Surface 
functionalization can also promote self-organization and preparation of nanocomposites 
that can become crucial for solid state photonic structures and devices.4, 24, 61-67 

 
In this chapter, we present the results producing high quality, large area, all-polymer planar 
microcavities embedding CdSe/CdS DiRs in the cavity layer. The microcavity itself is 
produced by spin coating, better treated in chapter 2. Here, we introduce the optical 
properties of the microcavity and discuss the emission modifications induced by the PhC. 
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Fig. 4.1 Freestanding rolled-up microcavity under violet laser excitation where the bright DiRs red 
fluorescence is observed. 

Nanocrystals properties 
We used CdSe/CdS DiRs produced following a known procedure.36 DiRs have been 
synthetized starting from cores having average size of 4.1 nm. The shells, shown in a TEM 
micrograph of Fig. 4.2a, have an average diameter of 4.7 ± 0.5 nm while having variable 
length that follows the distribution of Fig. 4.2b. Indeed, the statistics of the nanorod size 
distribution indicates a dominant population with length centered around 35 nm. However, 
we can also observe the presence of a large amount of shorter nanorods with lengths 
ranging from 5 to 25 nm. We consider them as impurities. 
 

 
Fig. 4.2 (a) TEM micrograph of CdSe/CdS DiRs. (b) Size distribution of DiRs retrieved from TEM data. 

Fig. 4.3 shows absorbance and PL spectra of DiRs dispersed in toluene. At 602 nm and 557 
nm we can see two defined peaks related to the CdSe cores.36 The absorption onset at 500 
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nm is created by the CdS  DiRs shells. Comparing the features owed to CdSe to those owed 
to CdS, we can see how the latter ones are more intense. This is given by the larger amount 
of CdS in the nanocrystals. The PL spectrum (in red) of DiRs is centered at 612 nm and has 
a FWHM of 24 nm (79 meV). It is 10 nm Stokes-shifted compared to the CdSe cores band 
edge absorption. Moreover, the PL is asymmetrical. Its shape and the presence of a non-
homogeneous distribution nanorods lengths (Fig. 4.2b) suggest that the PL can be the 
convolution of more peaks. 
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Fig. 4.3 Absorption (black) and fluorescence (red) spectra of nanocrystals dispersed in toluene. 

Indeed, we de-convolved the spectrum into two Voigt-like (convolution of Gaussian and 
Lorentz lineshapes, as reported in Eq. 4.1) functions separated by about 10 nm. 
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)
2
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− t)
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+∞

−∞

 (4.1) 

 
In Eq. 4.1, y0 is a baseline value, A is the area of the Voigt function (in nm), and wL and wG 
are the width of the lorentzian and gaussian functions used in the convolution, respectively.  
The results of the deconvolution are shown in Fig. 4.4a and in Table 4.1. According to the 
size distribution (Fig. 4.2b) and to the relation between PL properties and DiRs length, we 
can assign the low energy peak (617 nm) to the emission of longer DiRs, while the high 
energy one (608 nm) is due to shorter DiRs.34, 36 
Fig. 4.4b shows the ratio spectrum obtained by dividing the peaks obtained through the fit 
procedure. This shows that peak 1 (the one created by shorter DiRs) has its main 
contribution to the PL around 600 nm, where the ratio spectrum shows its minimum. On 
the other hand, peak 2 (created by longer DiRs) dominates at about 630 nm where the ratio 
spectrum is maximum. 



Spectral reshaping of nanocrystals 
emission 

Chapter 4 

 

62 
 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

570 580 590 600 610 620 630 640 650 660
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

N
o
rm

a
liz

e
d

 P
L

 PL

 Fit Peak 1

 Fit Peak 2

 Total

(a)

P
L
 I

n
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)

 Fit Peak 1

 Fit Peak 2

0

2

4

6

8

10

12

14
 Peak 2/Peak 1

P
e
a

k
 2

/P
e

a
k
 1

(b)

 
Fig. 4.4 (a) Deconvolution of the PL spectrum of the DiRs:PS nanocomposite reference film (blue line), 
peak 1 component (red), peak 2 component (green); (b) comparison of the peak 1 and peak 2 
components, showing their spectral ratio (peak2/peak1) as dotted line. Arrows show spectral position 
where time resolved PL is recorded: 600 nm, mainly peak 1; 630 nm, mainly peak 2. 

Table 4.1 Parameters of the fitted functions. 

 xc (nm) Area (nm) WG (nm) WL (nm) 

Peak 1 608 10 13 8 

Peak 2 617 22 18 11 

 
The reason behind the choice of deconvolving DiRs in two main components will be clearer 
further ahead in the chapter as the emission process will be discussed in more detail. 
 

Nanocomposite properties 
The aim of the work was to study the properties of DiRs embedded in a high optical quality 
all-polymer microcavity. To reach this objective, we opted for the use of a suitable 
nanocomposite. This has been obtained dissolving polystyrene into a DiRs:toluene 
dispersion (40 g/l, PS; 0.8 g/l, DiRs) and spin coating the solution at 4800 rpm. The grown 
nanocomposite films were then annealed at 80 °C for 10 minutes. 
Fig. 4.5 reports the absorption and PL spectra of DiRs:PS nanocomposite films. There are 
remarkable differences in absorption from the toluene DiRs dispersion (Fig. 4.3). Between 
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500 nm and 650 nm, the peaks clearly observed in the liquid suspension are not visible in 
the case of spin coated DiRs:nanocomposite film. Instead, a broad tail is dominant for those 
wavelengths. This can be assigned to the scattering generated by the large amount of DiRs 
loaded into the nanocomposite. The CdS shell absorption still creates a peak at 480 nm.  
The nanocomposite and the liquid suspension PLs shows the exact same shape, suggesting 
that light scattering induced by heavily loaded DiRs does not affect the electronic properties 
of the particles, which still act as isolated emitters. 
To better understand DiRs aggregation does occur in nanocomposite film, we studied them 
by confocal microscopy; Fig. 4.6 shows confocal reflection (a) and fluorescence microscopy 
(b) images of a DiRs:PS nanocomposite film. We can observe a homogeneous DiRs 
distribution on sub-micron scale, indicating that in the nanocomposite aggregation effects 
are limited. 
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Fig. 4.5 Absorption (black) and fluorescence (red) spectra of nanocrystals dispersed in PS. 

 
Fig. 4.6 Optical confocal microscopy images of the DiRs:PS nanocomposite film. (a) Reflection of a 
laser at 514 nm wavelength integrated over 500-550 nm. (b) DiRs fluorescence excited with a laser at 
405 nm and recorded in the 575-625 integrated spectral range in the same spot as in (a). 
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Microcavity optical properties 
Once we studied the properties of a reference nanocomposite film, we created a planar 
microcavity containing the emitting material as defect layer. As stated in previous chapters, 
it’s possible to spin coat microcavities just creating one layer over each other. Indeed, we 
first created a DBR of 25 bilayers of PVK and CA by spin coating different solutions at 7500 
rpm on 22x22 mm2 glass substrate. PVK was dissolved in toluene (28 g/l) and CA was 
dissolved in 4-hydroxy-4-methyl-2-pentanone (35 g/l). After each PVK deposition, the 
sample was annealed at 80 °C for 1 minute to avoid percolation of CA solvent through the 
PVK layers.68 After the first DBR was ready, we grown a DiRs:PS nanocomposite film over 
the last layer (made of CA). Once the nanocomposite film was annealed, we then created 
another DBR over it using the same procedure used to create the one below. Operating this 
way, as also shown in chapter 2, allows to obtain interfacial roughness of about 1 nm and 
to finely control the thickness of the layers.28, 69 The microcavity structure is sketched in Fig. 
4.7. 

 

 
Fig. 4.7 Scheme of the planar microcavity. 

Once we obtained the microcavity, we studied it using optical techniques. Its reflectance 
spectrum (Fig. 4.8) shows an intense and broad peak between 580 and 646 nm. This is 
created by the PBG of the PhC. The FWHM of the PBG band is 66 nm. This width is a direct 
consequence of the relatively large (compared to other polymer systems) dielectric contrast 

between PVK (n  1.67 at λ=600 nm)  and CA (n  1.47 at λ=600 nm) as also reported in 
Chapter 2.70 Inside the PBG, we observe a sharp minimum. It is centered at 613 nm and has 
a FWHM of ~2.5 nm. This, minimum in reflectance is created by the cavity mode created by 
the defect layers inside the PhC. Outside the PBG we can observe modulations induced by 
interference fringes and, below 350 nm, the reflectance spectrum is influenced by the 
absorption of PVK aromatic rings.71-73 We do not observe a second order PBG at ~300 nm, 
confirming that the thickness of the layers in the dielectric mirrors fulfill the λ/4 condition. 

The bandwidth of the PBG then, can be analytically calculated as Δ𝐸 =
4

𝜋
𝐸
|𝑛ℎ−𝑛𝑙|

𝑛ℎ+𝑛𝑙
 .61 

According to this equation and to the refractive indexes we have, the expected bandwidth 
for this system is 60 nm; in good agreement with the experimental value (66 nm). 
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Fig. 4.8 Normalized reflectance spectrum of the microcavity. 

To better understand the properties of our microcavity we tried to simulate the optical 
response of an analog structure through the TMM.74 Although we had the refractive index 
of PVK, CA and PS, we were missing the nanocomposite refractive index.  
To estimate its complex optical function, then, we first assumed that the DiRs have a small 
effect on the real part of the nanocomposite refractive index, hence it is very similar to that 
of PS.75 We operated a first tentative fit of the transmittance of the microcavity neglecting 
DiRs absorption and obtaining a first estimation of the system layers thicknesses. However, 
since DiRs absorption clearly affects microcavity properties, we exploited the previously 
obtained thicknesses and the absorbance spectra of a reference film to obtain a very rough 
evaluation of the nanocomposite extinction coefficient. The procedure used was the 
following: 
-The reference film is composed by a glass substrate, a CA layer and the nanocomposite 
layer as already discussed. 
-The absorbance spectrum of the reference and of the glass substrate are recorded.  
-The reference absorbance (Ac) is corrected subtracting the out-of-resonance effect of 
reflection losses. 

-The extinction coefficient k is calculated as 𝐴𝑐 = 𝑙𝑜𝑔
1

𝑇
= 0.43𝛼𝑑 = 0.43

4𝜋𝑘

𝜆
𝑑 where λ is 

the wavelength and d is the thickness of the nanocomposite layer as obtained by the overall 
microcavity response fit. 
-For λ>700 nm we considered the extinction coefficient negligible (k=0). 
-The thickness of the layers composing the microcavity is fitted again using the new 
extinction coefficient for the cavity layer. 
-The procedure is repeated until the new thickness is identical to the previous one within 
5%. 
The obtained result is reported in Fig. 4.9. 
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Fig. 4.9 Extinction coefficient of the DiRs:PS nanocomposite as obtained by the reported procedure. 

The method we used does not assure us the Kramers-Kronig compatibility of the index we 
got. Nonetheless, it can be a useful instrument in a first approximation simulation. We fitted 
the thickness of the layers inside the microcavity and obtained 94 nm for PVK, 100 nm for 
CA, and 208 nm for DiRs:PS nanocomposite. These values are in agreement with those 
calculated by the analytical formulas for the λ/4 condition (92 nm for PVK and 104 nm for 
CA).61  
Fig. 4.10a shows the microcavity measured and simulated transmittance spectrum. In the 
range 580-646 nm is visible a band of negligible transmittance containing a sharp and weak 
maximum centered at 613 nm created by the PBG and the cavity mode, respectively.  
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Fig. 4.10 (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 

Simulating the optical response for different angles, (Fig. 4.11) the simulation perfectly 
accounts for polarized angle-resolved transmittance spectra, further demonstrating the 
excellent optical quality of the created all-polymer microcavities.61, 75 
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Fig. 4.11 (a) Experimental and (b) calculated transmittance spectra of the microcavity as a function of 
the incidence angle for S- (upper panel) and P-polarized (lower panel) light. 

Fig. 4.10b shows the microcavity PL spectrum compared to the reference one. The two 
spectra are recorded in the very same conditions. Fig. 4.10 clearly shows the spectral re-
shaping induced by the microcavity on the DiRs PL. Indeed, we observe a 10-fold sharpening 
of the PL spectrum and its reduction from 24 nm for the reference to 2.4 nm for the 
microcavity. Such difference is better highlighted in Fig. 4.12 that shows the ratio between 
the emission of microcavity and the emission of the reference. We can also see that the 
microcavity PL peak intensity is ~5 times larger than the reference one. From Fig. 4.10b is 
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also possible to extact the microcavity quality factor (𝑄 = 𝜆/Δ𝜆 = 255) which is the largest 
so far reported, at best of our knowledge, for planar all-polymer microcavities.4-6, 20, 75-76 
 

560 580 600 620 640 660
0

1

2

3

4

5

N
o

rm
a

liz
e

d
 P

L

A

 
Fig. 4.12 Ratio between the microcavity and the reference PL spectra. 

Density of photonic states modifications in microcavity 
We have shown how the PL spectrum of the nanocomposite has been dramatically 
reshaped by the microcavity. Indeed, we observe a strong reduction of the intensity in the 
PBG spectral region and a strong increase at the cavity mode. This result agrees with 
previous findings obtained embedding emitters with broad PL spectra inside microcavities 
and indicates that spin coating allows to obtain finely tuned all-polymer microcavities.75-76 
To explain the PL spectral redistribution we observe, we must introduce the well-known 
Fermi’s golden rule. The traditional formula for the transition rate within the time-
dependent weak perturbation approach is: 
 

W(ω) =
2π

ℏ
|< 𝛍 ∙ 𝐄 >|2ρ(ω) (4.2) 

 
Where 𝛍 is the transition dipole moment, 𝐄 is the electric field, and ρ(ω) is the electronic 
density of final states. Inside a PhC, 𝐄 is related to the allowed optical modes 𝐄n,𝐤(𝐫,ω) 

within the dielectric lattice. Hence, the electric field must be treated as a series of modes, 
each contributing to the transition rate. Indeed, one must account for the number of 
photonic modes that allow the transition with energy ℏω. This is done introducing the local 
density of photonic states (PDOS, ρl(𝐫,ω)):

75, 77-82 
 

ρl(𝐫, ω) =
1

(2π)3
∑∫d3k |𝛍 ⋅ 𝐄n,k(𝐫)|

2
δ(ω − ωn,k)

n

 (4.3) 

 
Where the space parameter is introduced in order to account for the spatial shape of the 
modes.  
In the end, the transition rate, assumes the form: 
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W(ω) =
2π

ℏ
ρl(𝐫, ω) (4.4) 

 
If we consider an emitter inside a homogeneous isotropic medium, the PDOS shows an ω2 dependence 

as reported in chapter 1. In a microcavity, or in PhC in general, the PDOS spectral shape drastically 
changes.77 At the PBG frequencies, ρl(𝐫, ω) is negligible inside the crystal, while it is peaked 
for cavity modes energies. Consequently, the emitter PL spectrum (dictated by W(ω)), 
which is dependent upon the spectral overlap between the “natural” emission of the 
material and the PDOS, is enhanced only in sharp spectral ranges and becomes suppressed 
for PBG energies. The intensity of the enhancement  is related to the cavity modes volume, 
which mainly depend upon the dielectric contrast of the materials used to create the PhC.61, 

75 
Carefully observing eqs. 4.3 and 4.4, we notice that the number of modes inside a PhC 
depends upon the direction we are considering (due to the 𝐤 dependence). Consequently, 
cavity emission assumes a directionality dictated by the PhC structure. In the case of DBRs, 
the dependence follows the exact same rules of the PBG, which shift toward higher energies 
as we consider angles further away from the normal to the crystal surface (Fig. 4.11). 
This behavior is visible also in our sample. Fig. 4.10c and Fig. 4.13 shows the PL spectra as 
a function of the collection angle. For angle up to 15°, we observe almost no changes in PL 
intensity. As we observe angles over 15°, instead, we notice two main effects. The emission 
shifts toward higher energies and its peak intensity decreases. This can be easily explained 
in the above-mentioned framework. In fact, the emission is possible only where the PDOS 
is peaked. When the PDOS shifts, then, also the emission shifts. However, as this occurs, 
the spectral overlap between the photonic modes and the emitter spectrum reduces, 
reducing the PL intensity. In conclusion, in our sample, we introduced a dramatic change in 
the directionality of DiRs emission, which passes from an almost lambertian character, 
where the emission intensity is proportional to the cosine of the angle of emission, to a 
highly directional fluorescence given by the microcavity, which allows light propagation only 
along its axis.80 
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Fig. 4.13 Microcavity PL spectra as a function of the detection angle. 

Integrating the microcavity PL intensity at normal detection over the full spectrum, we 

observe a 25% reduction comparing to the reference. Hence, the overall emission is clearly 
not enhanced.80 Since the geometry in the two measures is the same, this effect may be 
created by a reduction of emission efficiency. To better understand the reasons behind this 
reduction then, we executed PL QY measurements and observed that it is lower in the 
microcavity (6.5%) than in the reference (33%). To explain this result, we must account for 

the self-absorption caused by the relatively small (10 nm) DiRs:PS nanocomposite Stokes 
shift. Indeed, as also observed in Fig. 4.9, the nanocomposite has a non-negligible 
extinction coefficient. This reduces PL intensity as emitted photons are reabsorbed. This 
phenomenon is strongly enhanced by the very long photon dwelling time inside the 
microcavity. Indeed, we can easily calculate the transit time of a photon inside a bare 
nanocomposite emitting layer accounting for the thickness and refractive index recurring 

to the simple formula τdwell =
ncavdcav

c
. In the case of our reference layer, this time is in the 

order of 1 fs. Inside a microcavity, the dwelling time becomes higher since the DBR mirrors 
confine photons inside the defect layer. The time can be calculated using eq. 1.6 reported 
in chapter 1 and in the case of our microcavity is 83 fs. We can see that the dwelling time 
inside the microcavity is then extremely higher than the one inside the reference layer, 
hence the probability of self-absorption is greatly increased. The energy of each self-
absorbed photon then, can be either re-emitted as another photon or be dispersed in non-
radiative processes. In this way, self-absorption drastically reduces PL QY.  
 

Lifetime modifications 
The PDOS modifications operated by the microcavity should also modify emission lifetime. 
The radiative rate Γr is linked to emission lifetime by: 
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τr
−1 = Γr = ∫dω Wr(ω) (4.5) 

 
Therefore, enhancements in Γr also reduces emission lifetimes. To investigate this effect, 
we measured the PL decays for the nanocomposite reference film and for the microcavity 
using time correlated single photon counting (TCSPC) having time resolution of about 200 
ps. TCSPC measures lifetimes observing the emission, hence the results depend upon the 
photons which are emitted. For a homogeneous emitter, the emission lifetime should be 
wavelength independent. In the case of inhomogeneous emitters, instead, we have that 
the PL is a collection of photons emitted by different processes and, unless extremely very 
special cases, spectral shifts in the various processes bring to a wavelength dependence. To 
account for these effects, we studied the cavity emission decay only for the defect mode 
wavelengths in the spectral range 610.5-615.5 nm (Fig. 4.14a). Compared to the reference, 
the microcavity PL decays slower for the initial 50 ns. For longer delays, instead, the two 
decays are similar. This behavior is clearly in contrast with the reduction of lifetime which 
we would have expected by a radiative rate enhancement. 
To better understand these results, we fitted the decays by tri-exponential functions. The 
choice of a tri-exponential fit was dictated by simplicity reasons. Indeed, many different 
functional decays have been used in literature to describe the photophysics of single 
nanocrystals or highly controlled suspensions.83-87 However, we decided to use a simple 
model in order to better understand the dynamics underlying the emission modifications. 
Table 4.2 summarizes both the lifetimes (τi) and the relative weights (Ai) extracted by the 
fits.  
 
Table 4.2 Lifetime (τi) and relative intensity (Ai) of the different decays as deduced from the fitting 
procedure. 

 τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 

Microcavity 
(613 nm) 

6.7 ± 0.4 0.13 ± 0.04 12.0 ± 0.1 0.83 ± 0.04 40.3 ± 0.8 0.04 ± 0.03 

Reference 
(613 nm) 

6.4 ± 0.7 0.35 ± 0.05 13.2 ± 0.3 0.61 ± 0.06 43 ± 4 0.04 ± 0.01 

Reference 
(600 nm) 

5.2 ±0.5 0.56±0.06 13.1±1 0.42±0.07 56 ±5 0.02 

Reference 
(630 nm) 

- 0 12.6 ±0.6 0.86±0.02 51 ±3 0.14 ±0.02 
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Fig. 4.14 (a) Normalized DIRs PL decay for microcavity (red line) and reference (black line). (b) 
Spectrally resolved decay for the reference: 600 nm, mainly peak1 component; 630 nm, mainly peak2 
component 

The long-living PL component (40 ns) has a marginal role in each emission. This very weak 
contribution (few percents) can be assigned to surface traps and we discard it from further 
discussion.88-89  
The two faster contributes are instead the ones having the major role and we assign them 
to the different emissions due to the DiRs size distribution we extracted before (Fig. 4.4 and 
Table 4.1). In order to understand which lifetime is related to which emission process, we 
studied the emission of the reference nanocomposite film at different wavelengths (we also 
report two of the measured decays in Fig. 4.14b). At 600 nm, the highest energy 
contribution to the PL is almost maximum (Fig. 4.4b) and the fast decay (5.2 ns) contributes 
for 56% to the decay (Table 4.2). At this wavelength, the slower decay (13.1 ns) weights only 
for 42%. On the other hand, at 630 nm we see that the fast component disappears while 
the slower one (12.6 ns) weight grows to 86% of the overall decay. 
At 613 nm, in correspondence of the cavity mode, we observe that the relative weights of 
the fast and slow PL decay components (A1 and A2) are 35% and 61%, respectively. We can 
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compare them analyzing the deconvoluted DiRs PL spectrum (Fig. 4.4). Integrating the 
spectra in the range 610.5-615.5 nm, we observe that the weight of the two contribution is 
very similar to the one observed for the lifetimes (~35% for the short wavelength emission 

and  65% for the long wavelength one). In light of all these observations, we assign the 
fast decay τ1 to the short wavelength emission (608 nm) created by shorter DiRs while we 
assign the fast decay τ2 to the long wavelength PL component (613 nm) related to DiRs with 

35 nm length. Another hint supporting this assignment is given by the fact that longer DiRs 
should have a better surface passivation due to the more developed CdS shell, hence 
reduced non-radiative recombination rate and longer lifetimes.52-54  
Since we have discerned the various PL components, we are now able to discuss the 
modifications induced by the microcavity to the emission properties. The DiRs show a 
smaller τ2 in microcavity than in the reference sample, while τ1 is constant within the 
experimental uncertainty. The relative weight of the component with longer lifetime, A2, 
drastically grows from 61 to 83% inside the microcavity while the fast component weight 
A1 decreases from 35% to 13%. This different response is created by the unbalanced spectral 
overlap between the cavity mode and the two different emissions. We can expect an 
excellent overlap for the slow decay peaked at 617 nm while the overlap is reduced for the 
fast component peaked at 608 nm. We observe then a reduction of lifetime for the slow 
component from 13.2 to 12 ns. On the same time, this component intensity grows. The fast 

decay (6 ns), instead, is spectrally shifted respect to the PDOS peak and the emission rate 
is not strongly modified. Then, the component retains the same lifetime. 
These effects might suggest the presence of Purcell effect for the PL contribution given by 
longer DiRs. However, a reduction in τ2 alone is not sufficient to prove it. Purcell effect is 
very difficult to observe.90-91 Although photonic environment does modify emission 
processes, PL lifetime decrease may be brought also by increments in non-radiative decays 
rate introduced by microcavity growth. However, as previously discussed for the QY, we do 
not expect any change in the non-radiative recombination rate for DiR:PS nanocomposite 
since the cavity layer is prepared in the very same way of the reference one.  
We then assume that the lifetime changes occur only in the radiative rates.92 Additional 
work will be necessary to further support this interpretation.  
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Chapter V 

Lasing from polymer microcavities 
Nowadays, lasers can be applied to a lot of different fields and their wide use requires the 
development of new simple and cost-effective fabrication methods for low power sources.1-

3 From this point of view, vertical cavity surface emitting lasers (VCSEL)4 are very suited to 
cover the role of leading technology in this market.5 A VCSEL is a planar microcavity formed 
by two dielectric mirrors embedding an opportunely engineered gain medium that can be 
possibly integrated into nanopillars. The high refractive index of materials composing the 
cavity with respect to the surrounding air gives rise to a remarkable lateral confinement.6 
This kind of structure is easy to produce and can be used for fiber communication systems, 
optical disk reading, laser printers, and sensing.7-11 Currently, these systems require 
expensive and time consuming epitaxial manufactures to obtain high quality VCSELs based 
on crystalline emitters.4, 12-13 Therefore, the possibility to use techniques like solution 
processing or extrusion is interesting to reduce the complexity of processes and to reduce 
the costs.14 In this field, materials that can be processed by solution are attractive both for 
the development of tunable emitters and for the fabrication of photonic structures that act 
as resonators.15-18 From the fabrication point of view, we already proved that high quality 
planar photonic crystals can be grown by spin-coating in a laboratory.19-28  Indeed, lasing in 
all-polymer distributed Bragg reflectors and microcavities containing different gain media 
has already been demonstrated.23, 29-31 
Another fundamental element of a lasing system is the emitting material. Colloidal 
semiconductor nanocrystals are appealing to be coupled with polymer systems given their 
nature. They can be integrated into solid-state devices through simple manufacturing 
techniques such as spin-, bar-, or dip- coating, which have been already used for 
polymers.32-34 Moreover, they usually have high photoluminescence efficiencies and can be 
easily tuned for the application they are needed since their electronic and chemical-physical 
properties can be engineered via wet chemistry.35-39 As a proof of their potential, NCs are 
already available for commercial purposes.40 CdSe and CdSe/CdS systems are among the 
best performing NCs as already explained in chapter 4, and several research groups have 
already reported amplified spontaneous emission (ASE) and lasing from these materials.32-

34, 41-52 
In particular, we reported hybrid microcavities made of polymers doped with CdSe/CdS dot-
in-rods (DiRs).26 Chapter 4 is focused only on fluorescence enhancement and lifetimes 
modification. This was made possible by the use of a low concentration of DiRs in the 
nanocomposite emitting layer in order to prevent lasing action. Moreover, the DiRs did not 
present any light amplification effect.  
This chapter reports on the fabrication of a polymer/DiRs VCSEL. In this work, we adopted 
a different strategy if compared with what is reported in chapter 4. Indeed, to increase the 
NCs density and achieve a low lasing threshold, we created a very dense layer of DiRs drop-
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casting a liquid dispersion on a polymer DBR. Such approach, however, supplies a film of 
high rugosity and does not allow to continue the fabrication of the top DBR by spin-coating. 
Therefore, we prepared a second DBR separately, and pressed it on top of the first one to 
obtain the full optical resonator. This approach grants proof-of-concept VCSEL devices made 
of good quality dielectric mirrors.23, 25-26, 53 
Throughout this chapter, we discuss the optical properties of this VCSEL and report on its 
lasing properties under fs-optical pumping. We also show a comparison with literature data 
revealing that our VCSEL can provide an interesting alternative to other common solutions 
when low power adaptable devices are needed. 
 

Lasing 
Laser stays for Light Amplification by Stimulated Emission of Radiation and this term either 
indicates a light beam created through a specific process or a device that creates such 
beam. 
The theoretical basis behind lasing can be found in a paper published by Einstein in 191754 
and will not be extensively reported here, however, we will briefly introduce the main 
phenomena underlying the process. 
A light emitting material has three main ways to interact with photons of specific energy; it 
can absorb hitting photons, it can spontaneously emit photons (fluorescence), or it can emit 
photons under the stimulus of the light suitably accorded in frequency. Each transition is 
correlated with an electronic jump as reported in Fig. 5.1. The stimulated emission is the 
main responsible for lasing. It occurs when an electron is hit by a photon and decays to a 
lower energy level emitting another photon with the same frequency and phase of the one 
that started the process. In this way, the light that interact with the system is amplified. 

 
Fig. 5.1 Main interaction pathways of a photon with a two levels system. 

Stimulated emission is concurrent with absorption and the probability that an excited 
electron can decay to a lower state by stimulated emission is exactly identical to the one 
that a ground electron can be promoted to excited state absorbing a photon.54 When a 
material is hit by light then, the overall effect depends on the balance of population in the 
excited and ground states. If the ground state is more populated than the excited state, 
which is the normal condition of a material, the light will be absorbed, otherwise, it will be 
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amplified by stimulated emission. The equilibrium population for which the probability of 
absorption is identical to the one of stimulated emission is called population inversion and, 
in this condition, the material is completely transparent.  
The reported case is a simplified one. The probability of transition depends also on the 
density of states and on other factors, however, the main concept behind light amplification 
is always the same.55 In order to achieve light amplification, it is necessary to bring an high 
number of electrons to excited state. This is possible only if the system has three or more 
energetic levels (Fig. 5.2) and the injection of electrons in the excited state is called 
pumping. 
 

 
Fig. 5.2 Schematic representation of a three levels system with the main possible transitions. 

A material which has been pumped over population inversion amplifies the light that hits 
it. Such amplification is restricted to specific wavelengths and is usually visible in amplified 
spontaneous emission measurements (ASE). Indeed, once population inversion is reached, 
the typical emission spectrum of the material shows a narrow peak which intensity grows 
with a superlinear behavior. The peak is created by the fraction of light that is 
spontaneously emitted by the material and then gets amplified. Since the transitions that 
allow population inversion are less than all the transitions that allow spontaneous emission, 
the ASE peak is necessarily sharper than the PL lineshape. The process can be extremely 
enhanced if the material is inserted inside an optical resonator like the one shown in Fig. 
5.3. The light is continuously reflected inside the resonator and is amplified multiple times 
as it crosses the material which is held in population inversion conditions. Eventually, 
photons can come out of the resonator through a semireflective mirror. The light spectral 
linewidth is strongly reduced and the outgoing beam is highly collimated and intense. Due 
to the almost monochromaticity of laser, the light is also extremely coherent both 
temporally and spatially, which means that the light preserves its phase properties even at 
long distances and for different times. 
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Fig. 5.3 Schematic representation of a lasing device. 

Analysis of the DiRs used to obtain lasing 
We used colloidal nanocrystals as gain material inside our microcavity. Such particles are 
CdSe/CdS DiRs similar to the one of chapter 4 but possessing intrinsic ASE, differently from 
them. They were synthetized according to an already published procedure56 starting from 
CdSe cores with 4 nm diameter. 
Fig. 5.4a shows a transmission electron microscopy (TEM) image of the DiRs used in this 
work. The DiRs have an almost conical shape and we studied their size distribution in length 
and diameter. Fig. 5.4b shows DiRs size distribution histograms obtained by TEM image 
analysis of 100 DiRs. The average length is 17 ± 3 nm while the mean base diameter is 5 ± 
1 nm. The DiRs population seems to be more monodisperse if compared to the one of DiRs 
already reported in chapter 4. 
 

  

Fig. 5.4 (a) TEM image of DiRs used in this study. (b) Histograms showing statistics of the DiR length 
(in red) and diameter (in blue). 

We created a reference NCs film drop-casting a DiRs solution in toluene (10 g/l, 200 μl) over 
a cellulose acetate (CA) layer. After the deposition, the solvent was left to evaporate for 2 
hours. 
Fig. 5.5 reports the absorbance (black) and continuous wave (CW) photoluminescence (PL) 
(red) spectra of the drop-cast DiRs film. The absorbance spectrum is afflicted by a light 
scattering background induced by the roughness of the film. Nonetheless, it clearly shows 
two peaks at about 625 and 595 nm. We assign them to CdSe cores electronic transitions.56 
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The shoulder at 520 nm originates instead from the CdS shell. The CW PL spectrum of the 
DiRs film displays a single Voigt-shaped peak26 with full width half maximum (FWHM) of 27 
nm, corresponding to 82 meV. This single peak is comparable to the one of the NCs used in 
chapter 4 but no deconvolution in more emissions is needed this time. Indeed, such analysis 
may probably be done but is completely superfluous to the purpose of this work. The PL 
peak is centered at 639 nm and shows a 14 nm Stokes shift.  
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Fig. 5.5 Absorbance (black) and CW PL (red) of a DiRs reference film. 

To investigate if the DiRs show light amplification, which is a necessary pre-requisite to 
obtain lasing from the active material in a suitable optical cavity, in Fig. 5.6a we report the 
emission of the reference film under fs pumping for different fluences. The measure were 
carried out using a Ti:sapphire laser (Coherent Legend Elite seeded by a Ti:sapphire fs laser, 
λ = 405 nm, 70 fs pulse FWHM and repetition rate of 1 kHz) for excitation, and an Ocean 
Optics HR4000 spectrometer coupled to an optical fibre for collection. The excitation beam 
was focused with a cylindrical lens onto the sample, thus obtaining a stripe-shaped beam 
profile. The collection was executed at ∼90° respect to the excitation beam. For fluences 
lower than 280 μJ/cm2, we observe a single broad PL peak centered at 646 nm. We report 
in Fig. 5.7 a comparison between a normalized fs spectrum and a CW one. The FWHM of 
the two emissions is almost unvaried but the fs peak is 6 nm red-shifted compared to the 
CW one. This red-shift may be ascribed to the different measurement geometry; indeed, in 
the CW measurements the PL is collected at normal incidence. In the fs conditions, instead, 
the longer optical path in the nanocrystal film increases self-absorption effects, and results 
in a spectral shift. 
For fluences larger than 280 μJ/cm2, a new sharp peak is detected at 640 nm and becomes 
dominant with increasing excitation power density. This peak is 6 nm wide, ~1/4 of the low 
power density PL emission. Fig. 5.6b shows the emission intensity at 640 nm (black squares) 
and at 660 nm (red squares) for different pumping fluences. At 660 nm, the PL intensity 
grows linearly and represent the DiRs PL. The intensity at 640 nm, instead, shows two 

different regimes: under weak pumping (below 280 μJ/cm2) the intensity increases 
linearly with a small slope and, once a certain threshold is reached, the slope dramatically 
increases. This behavior is typical of ASE and we can ascribe the 640-nm peak to the light 
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amplification given by the reaching of population inversion. Comparing the emission 

intensity for weak and strong excitation fluence we can set the ASE threshold at 230 
μJ/cm2, in agreement with previous observations on similar systems.32 
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Fig. 5.6 (a) DiRs film emission spectra as a function of fs-pumping fluence; (b) Emission intensity at 
640 (black squares) and 660 nm (red squares) as a function of excitation fluence. In green, the FWHM 
of the emission components. In squares is the PL background and in triangles is the emerging peak. 

Fig. 5.6b also shows the FWHM of the two emission components. The values have been 
obtained fitting the spectra with two Lorentz-shaped curves. The green squares are 
indicative of the PL created by spontaneous emission and have an almost constant value of 
FWHM=26 nm. The green triangles, which are present only for fluences over the threshold, 
indicate the width of the ASE peak. They assume an almost constant value of 5-6 nm. 
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Fig. 5.7 Normalized PL of the DiRs film under CW (black) and pulsed fs excitation (red). 

Microcavity production and optical characterization 
Once we were sure that the DiRs do amplify light, we created the photonic structure that 
works as VCSEL as schematically shown in Fig. 5.8. 
 

  
Fig. 5.8 Sketch of the microcavity structure, which consist of two polymer DBRs sandwiching one DirS 
layer. 

The planar microcavity has been prepared by sandwiching two identical polymer DBRs, one 
of which was covered by a drop-cast DiRs film. The DBRs were made of twenty-five 
alternated bilayers of polyacrylic acid (PAA) and polyvinylcarbazole (PVK) grown by spin 
coating solutions in 4-methyl-2-pentanol (40 g/l, for PAA) and in toluene (40 g/l, for PVK) at 
8400 rpm on top of a 20x20 mm2 coverslip glass substrate. PVK and PAA, as already 
explained in chapter 2, are a polymer pair suitable to create high optical quality DBRs by 
spin coating.57 We spin coated a capping layer of cellulose acetate (CA) at 2400 rpm from a 
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solution in diaceton alcohol (35 g/l) over each DBR and we annealed them at 60°C for 10 
minutes. We drop-cast a DiRs solution in toluene (around 10 g/l, 200 μl) on one DBR and 
left the solvent to evaporate for 2 hours. After this step, the second DBR was pressed on 
top of the first one, thus creating the planar microcavity. 
Fig. 5.9 reports the microcavity reflectance spectra measured on six different spots over the 
sample surface. The six spectra show minor differences, proving the homogeneity of the 
DBR mirrors employed to build the planar microcavity. The microcavity spectrum shows a 
broad and rectangular shaped reflectance peak in the spectral range 605-645 created by 
the PBG. Its FWHM is 37 nm, in agreement with the one obtained using the relations 
expressed in chapter 1 and considering nPVK=1.66 and nPAA=1.51 as found in literature and 
shown in chapter 2.57-60 
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Fig. 5.9 Reflectance of the microcavity recorded at different spots on its surface. 

The PBG is narrower than the PL peak of the DiRs (ranging from 620 to 670 nm) but 
completely covers the ASE peak (Fig. 5.6), thus creating a functional resonator. The 
reflectance spectra do not show any cavity mode. This is unusual and probably owed to the 
scarce homogeneity in the DiRs layer. We report in Fig. 5.10 confocal fluorescence 
microscopies of the DiRs film. The fluorescence images were recorded with a NIKON A1 
confocal microscope with a 10x objective, under excitation with a laser at 402 nm. The 
emission was detected in the range from 590-650 nm. 
The layers are evidently inhomogeneous and very different densities are present 
throughout the surface. Moreover, from the xyz scan we can estimate the thickness of the 
cavity layer to be around 5-10 µm. 
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Fig. 5.10 Confocal fluorescence microscopy images of the DiRs film recorded from a reopened 
microcavi-ty. (a) Top view, (b-c) 3D representation of stacked images recorded in a xyz scan at 
different viewing angles. Scale bars correspond to 200 µm in (a-b), and to 75 µm in (c). 

Fig. 5.11 shows the normalized CW PL spectra of the microcavity (red curve) and of the 
reference (black curve). In the microcavity, the PL of the DiRs is suppressed in 
correspondence of the PBG between 600 and 640 nm and nearly unchanged outside this 
range. Another weak peak is visible in correspondence of the PL tail at 595 nm. This signal 
is better visible in the rescaled microcavity spectrum.  
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Fig. 5.11 PL spectra of the DiRs film (black line) and microcavity (red line) under CW excitation. The 
arrow indicates the weak peak at the PBG edge in the microcavity PL spectrum (magnified x5, red 
dotted line). 

Such a small spectral variation between the two PL is hardly comparable with the emission 
reshaping usually induced by planar microcavities.23, 26, 57 Indeed, a great difference may be 
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seen if compared to the case of chapter 4. The absence of a cavity mode is related to the 
inhomogeneity of the DiRs layer which introduces scattering losses and hinders the 
formation of cavity modes in CW PL experiments. 
The inhomogeneity of the sample also introduces different responses of the sample under 
fs excitation for investigation over different spots. Some areas show only ASE while others 
clearly show lasing. 
 

ASE in the microcavity 
Fig. 5.12a reports the emission spectra under fs excitation from an area of the microcavity 
sample that only shows ASE. This effect is due to the relatively low homogeneity of the DiRs 
layer. For low fluences, the emission is similar to the one under CE excitation reported in 
Fig. 5.11. As the fluence increases, this signal increases too and, over 110 µJ/cm2, a sharp 
high energy shoulder starts growing at 640 nm. The new structure is very similar to the ASE 
shown for a bare DiRs film in Fig. 5.6. Therefore, we assign this peak to ASE filtered by the 
microcavity PBG.  
Interestingly, these spectra also show a new peak for fluences larger than 400 µJ/cm2. This 
peak is centered at 594 nm, outside of the PBG, and strongly gains in intensity with 
increasing fluence. Its position is comparable to one of the DiRs two absorption peaks 
shown in Fig. 5.5. Hence, we assign this new ASE signal to higher energy optical transitions. 
Fig. 5.12b shows the fluence dependence of emission intensity at different wavelengths 
(595, 640 and 660 nm). These are representative of different phenomena: the intensity at 
660 nm indicates the DiRs spontaneous emission, the intensity at 640 nm indicates the ASE 
peak, and the intensity at 595 nm indicates the higher energy transition ASE which we were 
not able to see for a bare DiRs film. At 640 nm, the increase of the signal is linear with a 
slope of 10.2 cm2 μJ-1 up to 320 μJ/cm2. After this fluence, the intensity saturates. The high-
energy part of the emission, instead, initially grows linearly with a slope comparable to that 
of the spontaneous emission. However, after 400 μJ/cm2, the slope rises to 4.8 cm2 μJ-1. 
This behavior gives a further indication of ASE from higher energy transitions which is 
confirmed also by some studies on similar giant shell core-shell nanocrystals.45 
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Fig. 5.12 (a) fs PL spectra recorded from the microcavity as a function of pumping fluence from a 
region that does not manifest lasing; (b) Emission intensity at different wavelengths as a function of 
the pumping fluence (594 nm, high energy PL, in green; 640 nm, corresponding to the microcavity PL 
maximum, in black; 660 nm, related to the bare DiRs PL, in red). 

Lasing in the microcavity  
Fig. 5.13 shows the microcavity emission spectra collected at different excitation fluences 
in a spot showing lasing. 
At the lowest measured pumping fluence (25 μJ/cm2), the emission shape is different from 
the CW one shown in Fig. 5.11. We observe several peaks between 635 and 645 nm, which 
are more visible in the magnified scale plot of Fig. 5.13b. Increasing the pumping fluence to 
55 μJ/cm2, three sharp peaks located at 635 nm, 637 nm, and 640 nm become more 
distinguishable. Moreover, at this fluence, a second background PL signal modulated by the 
PBG starts growing. This background signal is similar to the one reported for CW pumping. 
As fluence increases the peak positioned at 640 nm grows faster compared to the other 
ones and then becomes dominant. The FWHM of this structure is ~1 nm, which is however 
limited by the spectrometer resolution. 
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Fig. 5.13 (a) Stacked fs emission spectra of the microcavity collected perpendicular (normal angle) to 
the sample surface for different pumping fluences. (b) Spectra of panel (a) on a magnified scale. 

Fig. 5.14 compares the intensity of the 640-nm peak with the one collected at 660 nm for 
different fluences. The latter is associated to the DiRs PL (red dots) and increases linearly 
with the excitation power density with a slope of 1.8 cm2 μJ-1

. This value agrees and is 
comparable (since the measures were taken with the same geometry and conditions) with 
the data retrieved in Fig. 5.12 for the spots of the sample showing only ASE (1.6 cm2 μJ-1). 
The intensity of the lasing peak at 640 nm, instead, increases with a steeper slope of 38.8 
cm2 μJ-1, before saturating at ~60-70 μJ/cm2. This behavior, together with the FWHM, which 
is 6 times sharper than the ASE peak, allow us to assign the peak to lasing. 
In our measures, the emission spectra always contain lasing modes, even at the lowest 
fluence used. The lasing peaks grow at different rates with fluence until the signal at 640 
nm becomes dominant. This effect may be induced by gain spectral hole-burning, typical of 
materials showing inhomogeneous broadening.61 
Since we were not able to measure spectra not showing peaks, we consider 25 μJ/cm2 as 
an upper limit for our microcavity lasing threshold.  
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Fig. 5.14 Microcavity emission intensity at 640 nm (black squares) and 660 nm (red circles) against 
the pump fluence. 

Another important suggestion of lasing is given by measures for normal and off-axis 
detection respect to the sample. Indeed, Fig. 5.15 shows two spectra of the microcavity 
emission. Both are recorded under fs excitation for fluences above lasing threshold but in 
one case the light is collected off-axis (black line) while in the other is collected at normal 
angle from the sample (red line). While for normal incidence there is a clear laser emission 
at 640 nm, for off-axis collection, the emission spectrum only shows the features typical of 
CW PL. These proves the directionality of the emission given by the planar resonator and 
allows to exclude random lasing which is not directional.62-63 
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Fig. 5.15 Microcavity emission spectra under fs pumping at 108 μJ/cm2 collected at normal angle from 
the sample (red) and off-axis (black). 

The multipeak structure we observe at low fluencies can help us to better understand the 
photonic structure properties. Indeed, we can treat the microcavity as a Fabry-Perot etalon 
and suppose that each peak in the emission spectra is created by a resonator mode. Then, 



Lasing from polymer microcavities Chapter 5 

 

96 
 

the optical length of the cavity can be estimated by the free spectral range Δ𝜆𝑓𝑠𝑟,   which is 

the difference in wavelength between the resonator modes. From Fig. 5.13 we obtain the 
distance between neighboring peaks as ~2nm. Considering this as the free spectral range 
of the resonator we can then estimate the cavity optical length (d) from:61, 64 
 
 

Δλfsr =
λ2

2nd
 (5.1) 

 

Being 𝜆 = 640 𝑛𝑚 and Δλ𝑓𝑠𝑟 = 2 𝑛𝑚, we obtain an optical length 𝑛𝑑 = 102 µ𝑚. For a 

DiRs refractive index of 2.5,39 we can then estimate a geometrical thickness of 41 µ𝑚. This 
value is much larger than what we measured with confocal fluorescence on the central 
region of the film. One possible explanation is that the optical path we estimate considers 
in reality also empty regions, which are created by thicker nanocrystal aggregates that act 
as spacers. We notice however that a similar DiRs film thickness was reported in ref.34 for a 
comparable fabrication process. 
The lasing threshold we obtained for our microcavity is in agreement with the one reported 
for coffee-ring resonators made of similar DiRs32 and well compares with the one of similar 
all-organic microcavities.23, 65-66 The threshold, however, is few orders of magnitude lower 
than what has been reported for spin coated VCSEL containing NCs.29 In literature, lower 
thresholds are reported only for inorganic planar microcavity, where the larger dielectric 
contrast helps in getting better light confinment67-71 and for more complicated resonators 
like microdisks.72-73  
In conclusion, the VCSEL we prepared shows lasing with pumping threshold below 25 
μJ/cm2 which is one of the lowest value reported so far for polymer-NCs systems.74 
This is a preliminary step in the development of free-standing lasers that are easily tunable 
over a wide spectral range and adaptable to photonic devices where low-power and simple 
structures are desired. 
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Conclusions 
In this thesis, we reported results obtained creating all-polymer photonic crystals and 
microcavities. The systems are planar multilayer structures allowing to manipulate light 
propagation as well as light-matter interaction through simple and versatile methods. These 
types of photonic devices can be mass produced as proven by products already on the 
market. Moreover, they can be built starting from cheap materials and are very promising 
for future applications. To create the photonic crystals, we rely on spin coating. Although 
this technique could be not fully appealing on industrial scale, it is also very reliable and 
versatile on a lab scale. It allows to create proof-of-concept devices at very cheap costs and 
in relatively limited times using non-expensive equipment. 
In chapter 2 we have shown how high optical quality polymer films can be spin coated and 
how the thickness, thickness homogeneity, refractive index, and surface roughness depend 
on the main process parameters. We supplied rules of thumbs and laws that are followed 
by many processes. We have also shown the parameters for the main commercial polymers 
used in the creation of DBRs and studied their optical response. 
In chapter 3 we have described a permeation model of analytes through all-polymer and 
composite DBRs. Such DBRs have been shown to act as transducers of vapor phase chemical 
stimuli to an optical response. We have developed a model in order to account for the 
change of the optical response upon exposure to different analytes. Although we focused 
on the modelling of the response, we also supplied experimental results on moisture 
sensing with ad hoc developed ternary photonic structures. 
In chapter 4 we have shown the production of a polymer microcavity containing easily 
tunable emitting nanocrystals embedded in a nanocomposite layer. We studied the optical 
response of the system and highlighted all the modifications induced by the photonic 
crystal. Such device, reaching a very high quality factor, can be used to fine tune the spectral 
properties of emitters and to obtain directional emission. Such result may be interesting for 
the study of photonic properties of materials and to obtain emission rate enhancement 
which would grant important repercussion in the development of more efficient LEDs. 
In chapter 5 we have shown lasing in a polymer VCSEL containing emitting nanocrystals. 
Such devices, produced through an unusual process, envisage the production of cheap and 
efficient lasers that can be used for low power applications like data transfer in big data 
mining centers or in fiber communication systems. Indeed, despite the use of simple 
processes and the creation of a still non-optimized device, we obtained an interestingly low 
lasing threshold which encourages to further develop this kind of structure.  
 
All results here shown encourage future developments in the field of polymer planar 
photonic crystals as they provide interesting and potentially scalable solutions for different 
technological problems such as disposable sensors, large area light source and cheap lasers. 
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