
Abstract 

Organic dye-doped materials are highly suitable for the fabrication of photonic components due 

to their ability to manipulate light through its absorption and emission processes. Most organic 

dyes are characterized by emitting light within the visible spectrum, making them ideal 

for photonics platforms that operate in this spectral range. When incorporated into carefully 

engineered matrices, the resulting material's properties, including refractive index (RI), 

emission spectral range, and additional functionalities can be adjusted. Owing to their unique 

properties, they may be implemented to fabricate active components for light amplification 

and the sensing of external stimuli, such as temperature or relative humidity (RH). 

This doctoral thesis explores the development and detailed characterization 

of luminescent materials activated with organic dyes, emphasizing their potential use in planar 

photonics. The research primarily focused on three material systems: 

• sol-gel-derived ones obtained from alkoxide precursors of silica/ organically 

modified silica (ORMOSIL) and titania; 

• polymers, including selected polyelectrolyte; 

• liquid crystal (LC) matrices. 

Based on their distinct characteristics, they have been further classified into two categories. 

The first group comprises sol-gel-derived and polymer materials designed for fabricating high-

RI dye-doped films with the potential for structural patterning. The second group includes dye-

doped polyelectrolyte and LCs, which are sensitive to variations in RH and temperature, 

respectively. The dye-doped sol-gel-derived, polymer, and polyelectrolyte materials were 

primarily studied as thin films with submicrometric thicknesses (mainly in the range of 100–

900 nm) on soda-lime glass substrates, fabricated using a simple, scalable, and cost-effective 

dip-coating technique. The dye-doped LCs were studied as powders or liquids (in the liquid 

crystalline or isotropic phases). 

The initial studies addressed the sol-gel-derived films fabricated from 

tetraethylorthosilicate (TEOS) or (3-glycidyloxypropyl)trimethoxysilane (GLYMO), 

and titanium(IV) ethoxide (TET). The research involved a detailed comparison of non-

organically and organically modified matrices, which were prepared at various temperature up 

to 300 °C. Films were comprehensively studied using UV-Vis absorption and emission 

spectroscopies as well as ellipsometry and profilometry. The studies demonstrated that during 

the heat treatment needed to increase the RI, the organically modified matrices offered superior 

stability of the RhB-doped films. Selected undoped films prepared at 200 °C could serve 



as planar waveguides (WGs) on soda-lime glass substrates, exhibiting relatively low optical 

transmission losses of around 1 dB/cm, determined using a scattered-light method. The films 

also showed significant potential for structurization using a nanoimprint lithography (NIL) 

technique, which enabled the fabrication of grating couplers on the WG films. 

Additionally, luminescent disc-shaped microstructures with relatively high RI were 

successfully fabricated using sol-gel-derived dye-doped films through a photolithography (PL) 

process followed by a wet-chemical etching. During further optimization of the annealing time 

at 200 °C and the wet-chemical etching time in buffered hydrofluoric acid (BHF), the etching 

selectivity toward the soda-lime glass substrate was improved. This approach enabled 

a production of under-etched luminescent microstructures, confirmed using optical microscopy 

and scanning electron microscopy (SEM) imaging.  

The dissertation also includes research on high-RI polymer films such as polystyrene 

(PS), poly(benzyl methacrylate) (PBzMA), polycarbonate (PC), and polysulfone (PSU). 

Numerical calculations confirmed their potential for fabricating grating patterns using 

the thermal nanoimprint lithography (TNIL) technique and for implementation as WG films 

on soda-lime glass substrates. The PSU films, characterized by the highest RI (1.62) among 

the investigated polymers, were doped with various luminescent dyes to achieve a broad 

spectral range of visible light emission. UV-Vis spectroscopic techniques such as absorption, 

excitation, and emission measurements were used to characterize their luminescent properties. 

They also included the measurement of photoluminescence quantum yield (QY), a parameter 

rarely reported in the literature for films. These studies revealed the highest QY for dyes from 

the 7-aminocoumarin family. Additionally, dyes such as Nile Red (NR) and Rhodamine 6G 

(Rh6G) were used as probes to investigate the polarity of the polymers and the dye aggregation 

behavior, respectively. The results suggested the lowest polarity for the PS matrix with 

simultaneously the highest promotion of aggregation of Rh6G dye. In contrast, the PSU 

exhibited the highest polarity and the lowest degree of Rh6G aggregation. Interestingly, 

the Coumarin 6 (C6) dye, which exhibited a high QY in PSU, also showed a similar value 

of QY in the less polar PS matrix. The polymer luminescent films described above exhibit 

considerable potential for applications as planar waveguides and in light amplification systems, 

owing to their high refractive index, excellent film quality, structurization potential 

and compatibility with organic luminescent dyes. 

The same dye (C6) was introduced into the polyelectrolyte matrix – poly(4-styrene 

sulfonic acid) (PSSA), where its spectroscopic properties were significantly altered compared 

to those in the other polymer matrices or dye solutions. An equilibrium between the dication 



and monocation forms of the dye was found in the PSSA films under varying RH conditions. 

Consequently, the light absorption and photoluminescent properties of C6-doped PSSA films 

were extensively characterized in the dry state, and in the high-RH conditions using ultraviolet-

visible (UV-Vis) absorption and emission spectroscopies. Fourier-transform infrared (FT-IR) 

absorption spectroscopy was used as a complementary technique to confirm the form of the dye 

under various RH. The films were demonstrated as effective colorimetric moisture indicators. 

They exhibited significant color changes in daylight, ranging from faint yellow under 

low RH to intense pink-red at high RH. The color changes could be also observed under UV 

light. Due to their submicron thickness, the films responded rapidly, with a response time 

of approximately 12–117 seconds during humidification and less than 1 second during drying 

process. 

In the final part of the research, solubility and photoluminescent properties of dyes 

in thermotropic LC matrices were explored. The studies focused on doping with a newly 

synthesized diketofurofurane (DFF) dye. The DFF dye was assessed for its luminescent 

properties and solubility in thermotropic LCs, demonstrating high luminescence efficiency 

in solution, and in the LC phases. In contrast, in the solid state, the DFF dye revealed 

significantly lower photoluminescence QY due to its aggregation. This behavior was utilized to 

demonstrate a novel approach for fabricating thermofluorochromic materials. This method 

leverages the reversible aggregation of the dye, which occurs in a step manner upon a phase 

transition of the selected LC hosts induced by temperature changes. The properties of the DFF 

dye as a dopant in thermofluorochromic materials were compared with those of the analogous 

diketopyrrolopyrrole (DPP) dye and five commercial laser dyes. Additionally, the application 

of both the DFF and DPP dyes in LC matrices for light amplification was demonstrated. 

In conclusion, this thesis offered insights into the fabrication and in-depth investigation 

of various high-RI dye-doped films (both sol-gel-derived and polymer), highlighting their 

potential for use as planar WGs and in creating photonic structures, such as gratings 

and microdiscs. Additionally, stimulus-sensitive dye-doped polyelectrolyte films and LC  were 

fabricated and characterized, demonstrating their potential for application as RH-sensitive films 

and thermofluorochromic materials.  

These materials have potential applications as sensing cladding layers in planar photonic 

devices. This research advances chemical and materials sciences by providing new insights into 

the fabrication and application of various luminescent materials based on organic dyes in planar 

integrated optics and other photonic technologies. 


