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Abstract. This work presents a detailed study of thin zinc oxide (ZnO) films and ZnO composite films doped with the organic luminescent dye
PQX, prepared by the sol-gel method and spin coating. The optical, thermo-optical, structural, and morphological properties of these films were
investigated using spectroscopic ellipsometry, X-ray diffraction, thermal analysis, atomic force microscopy, and scanning electron microscopy.
The PQX dye showed strong absorption in the blue region of the spectrum with a large Stokes shift, indicating potential for luminescent solar
concentrator (LSC) applications. Thermal studies revealed limited stability of PQX in thin films with partial degradation beginning at 100°C and
complete decomposition above 300°C, which affected the optical and structural properties of the composite films. Annealing led to an amorphous
state transition of the organic component and increased porosity in the ZnO matrix. ZnO:PQX films exhibited increased surface roughness and
reduced refractive index compared to pure ZnO. These findings suggest that while PQX enhances certain optical properties, its thermal instability
limits the performance of ZnO:PQX composites in LSC devices, highlighting the need for further materials optimization.
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1. INTRODUCTION

Zinc oxide (ZnO) is widely regarded as one of the most promis-
ing materials employed in electronics, optoelectronics, and re-
newable energy technologies. Thin ZnO films are characterized
by high optical transmittance and excellent semiconductor prop-
erties such as the wide band gap (Egulk =3.37 eV), ahigh exciton
binding energy (~ 60 meV at room temperature), and resistance
to environmental factors [1]. ZnO, in the form of thin films, is
used not only in solar cells and light-emitting diodes but also
in sensors [2], protective coatings, and innovative light concen-
trators such as luminescent solar concentrators (LSCs) [1, 3].
The rapid development of synthesis methods and the ability to
modify the ZnO structure position it as a pioneering material in
designing efficient and durable future devices.

LSCs are highly efficient solar radiation concentrators that
exhibit minimal sensitivity to lighting conditions. They consist
of a waveguide matrix with luminescent components dispersed
within it, which absorb radiation and emit it in a different spectral
range suitable for the attached solar cell.

Previously, literature reported ZnO as luminescent centers
in LSC designs. For example, Fimbres-Romero and Lopez-
Delgado achieved promising results with transparent and color-
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less LSCs based on ZnO quantum dots embedded in polymethyl
methacrylate (PMMA) polymer matrix [3]. Meanwhile, Ibrahim
et al. studied the effect of adding ZnO nanoparticles on the op-
tical properties and photovoltaic efficiency of the organic dye
Rhodamine C, observing improved parameters with increasing
addition of ZnO nanoparticles [4].

To develop new solutions for the matrix in LSC devices, re-
searchers are turning to thin sol-gel coatings based on the com-
position used to produce ZnO layers. These coatings showed no
luminescence quenching effect when doped with organic mate-
rials [4-6]. One of the key factors influencing the luminescence
efficiency of ZnO films is the surface morphology [7]. Layers
with well-controlled grain structure and smooth surfaces en-
hance photon absorption and reduce defects, which can act as
nonradiative recombination centers, leading to improved lumi-
nescence. The addition of organic luminophores to thin ZnO
layers can further improve emission properties and light conver-
sion efficiency [4].

Materials intended for use in LSCs should also demonstrate
high thermal stability. Recent literature emphasizes significant
interest in this aspect. Guo et al. described a perovskite-PMMA
composite with high thermal (up to 160°C) and environmental
stability [8]. Similarly, Hong et al. investigated the thermal and
UV photostability of inorganic-polymer composites based on
PDMS (polydimethylsiloxane), achieving excellent results [9].
Thin ZnO films also demonstrate good thermal stability [10-12],
making them suitable for use in LSCs. For example, Dalouji
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studied the effect of annealing on the optical properties and
thermal stability of thin ZnO films. The results indicate that
high-temperature annealing (400-600°C) can improve the or-
dering of the layer structure, reduce defects, and modify inter-
nal interactions within the material, thereby enhancing thermal
stability [12].

In our previous work [13], which examined the effect of tem-
perature on the optical constants of thin ZnO and Al-doped ZnO
films, we demonstrated high thermal stability and discussed
the relationship between their structure and optical properties.
The inclusion of organic materials may also influence the ther-
mal stability of composite layers.

In this work, we present the results of optical, thermo-
optical, X-ray diffraction, and surface morphology studies of
thin ZnO films and composite ZnO films doped with the
luminescent dye 6-N,N-diphenylamino-3-phenyl-1-methyl-1H-
pyrazolo[3,4-b]quinoxaline (PQX) — ZnO:PQX, prepared via
the sol-gel method and applied by spin coating. Surface mor-
phology was examined using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Thickness, refrac-
tive index, and thermo-optical properties were investigated using
spectroscopic ellipsometry.

2. MATERIAL DESCRIPTIONS AND RESEARCH
METHODOLOGY

There are many techniques for producing thin oxide films.
The ZnO and ZnO:PQX thin films were fabricated using
the sol-gel method, which enables precise control over the
synthesis parameters. The process involved preparing solu-
tions containing precursors of the respective metals, apply-
ing the sol onto the substrate surface using the spin-coating
technique, and a calcination step under controlled conditions
(150°C for 1h). The composition of the sol used to cre-
ate the reference ZnO layer (base sol) included: zinc ac-
etate, ethanol, water, diethanolamine (DEA), and surfactant
dihydro-3-(tetrapropenyl)furan-2,5-dione (TPSA). The compo-
nents were mixed in a ratio of 1:28.5:2:0.5:1.7, respectively.
The sol synthesis was carried out for 2.5 h at 50°C. The com-
posite ZnO:PQX film was made from a sol with the composition
of the base sol, with the addition of PQX dye (0.25%). The dye
was added in the form of an ethanolic solution to the base
sol. The layers were prepared after 24 h by the spin-coating
method (2000 rpm, 30 s) on silicon and soda-lime glass sub-
strates. The structures were heated at 150°C for 1 h. PQX, syn-
thesized according to the procedure described previously in [14],
was used as an organic dye. Figure 1 shows the synthesis scheme
of the PQX system.

TN\

/

O O
[:m:f;&

PQX

t-BuONa
Pd,dba,
Jchr\Phos

toluene

NN

‘ =
r e
Cl ™ /N\ / Q
\
T’j ;‘—N/N + R
CH,
1 2
Fig. 1. PQX system synthesis diagram

The compound 6-chloro-1-methyl-3-phenyl-1H-pyrazolo-
[3,4-b]lquinoxaline 1, which was the starting substrate in the
synthesis of PQX dye, was obtained by a two-step regiospecific
synthesis described previously in [15] with yields of 72% and
54% in the individual steps, respectively. The PQX dye was
prepared by palladium — catalyzed aminoarylation of pyrazolo-
quinoxaline derivative 1 with diphenylamine 2. In this reaction 1
(188 mg, 0.64 mmol), diphenylamine 2 (130 mg, 0.77 mmol),
sodium tert-butoxide (86 mg, 0.90 mmol), Pd,dbas (tris-
(dibenzylideneacetone)dipalladium(0), 5.9 mg, 0.0064 mmol,
1 mol%), JohnPhos  (2-(di-tert-butylphosphino)biphenyl,
3.8 mg, 0.0128 mmol, 2 mol%), and toluene (2 mL) were
placed in a Schlenk flask. The reagents were purged with argon.
The reaction was allowed to proceed under argon at 80°C
for 48 h. After cooling, the reaction mixture was filtered and
purified by column chromatography on alumina with toluene
as eluent. The PQX product was crystallized from petroleum
ether 60/90. PQX was ultimately obtained in a 53% yield.
The obtained product was characterized by recording nuclear
magnetic resonance spectra ('H and '*C NMR) on Bruker
Avance III 600, and elemental analysis was conducted at
Elementar Vario MICRO cube.
6-N,N-diphenylamino-1-methyl-3-phenyl- 1 H-pyrazolo[3,4-
b]quinoxaline (PQX):
bright red crystals, 143 mg, 53% yield, 'H NMR (CDCl;,
600 MHz): 6(ppm) 8.55 (dd, J =7.8, 0.6 Hz, 2H), 7.95 (d,
J=9.6 Hz, 1H), 7.73 (d, J =2.4 Hz, 1H), 7.65 (dd, J =9.0,
2.4 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.40 — 7.38 (m, 1H),
7.36 — 7.33 (m, 4H), 7.22 (d, J/ = 7.8 Hz, 4H), 7.16 — 7.14 (m,
2H), 4.26 (s, 3H); '3C NMR (CDCl3): 6(ppm) 147.3, 147.0,
143.0, 142.8, 141.3, 138.6, 135.3, 131.9, 129.6, 129.1, 128.71,
128.67, 128.5,126.7, 125.4, 124.2, 118.2, 34.3. Anal. Calcd for
CosHyNs: C, 78.69; H, 4.92; N, 16.39. Found: C, 78.67; H
4.75; N, 16.55.

The measurement of absorption spectra was performed using
a double-beam spectrophotometer, Perkin Elmer model Lambda
900, with a measurement range from 200 to 2500 nm. Pho-
toluminescence spectra were recorded using an HR4000CG-
UVNIR spectrometer from Ocean Optics. The organic com-
pound PQX in solution form was excited using a Spectroline
UV lamp with a wavelength of 365 nm.

X-ray diffraction (XRD) analysis of the samples was con-
ducted using a Rigaku SmartLab SE powder X-ray diffractome-
ter. The instrument was equipped with a Hypix 400 semicon-
ductor detector from the same manufacturer. Measurement con-
ditions: Radiation source: Cu LFF (Long Fine Focus) anode
tube, source power: 2.2 kW, measurement range: 10°-90°(26),
slit width: 0.5°. Measurements were performed in continuous
mode with a scanning speed of 2°/min. Phase identification
was carried out using SmartLab Studio II software integrated
with the ICDD PDF-4 database. Calibration of the diffraction
system was performed using a standard silicon sample (NIST
SRM 640c).

Differential thermal analysis (DTA) was performed using a
Discovery SDT 650 (TA Instruments, USA) in an air atmo-
sphere. The sample was heated at a rate of 10°/min over a
temperature range of 20-500°C. During the measurement, heat
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flow and mass loss were recorded simultaneously. The mass of
the sample at the beginning of the measurement was 30 mg. The
tests were conducted in corundum crucibles.

The optical and thermo-optical properties of the ZnO and
ZnO:PQX thin films were characterized by spectroscopic el-
lipsometry. Measurements were conducted using a J.A. Wool-
lam M-2000 ellipsometer, covering a spectral range of 193 to
1690 nm. The instrument was additionally equipped with a heat-
ing cell, enabling the investigation of changes in the optical
properties of the samples within a temperature range from room
temperature to 300°C.

Ellipsometry, a noncontact and nondestructive measurement
technique, records the ellipsometric angles W and A, as well as
the depolarization of light reflected from the sample as a function
of wavelength. By applying an appropriate optical model, the
dispersion relations of the optical constants, film thickness, and
energy gap of the studied layers were determined.

During measurement, changes in the polarization state of the
reflected light were recorded. The ellipsometric angle ¥ corre-
sponds to the change in the amplitude of polarized light upon
reflection, while A corresponds to the phase difference between
s- and p-polarized light before and after reflection [16,17]. These
angles are related to the Fresnel reflection coeflicients 7, and 7
through the fundamental ellipsometry equation (1) [18]:

Tp .
p= = tan(W) exp(iA), (1

s

where p represents the complex ratio of reflection coefficients,
indicating the change in polarization of the reflected light.

A Bruker MultiMode 8 atomic force microscope (AFM) op-
erating in tapping mode was employed to investigate the surface
morphology and roughness of the deposited and annealed layers.
Imaging was performed using RTESPA-300 probes, and surface
roughness parameters, cross-sectional profiles, and 2D topo-
graphical micrographs were obtained using NanoScope Analy-
sis 1.9 software.

SEM images were taken using a high-resolution scanning
electron microscope Phenom XL by ThermoFisher Scientific
with a CeB6 source, equipped with secondary electron (SED)
and backscattered electron (BSE) detectors.

2.1. Thermo-optics

The temperature dependence of the optical constants, known
as the thermo-optic effect, was investigated. Changes in the re-
fractive index due to temperature variations can influence the
operational lifespan and reliability of electronic devices and re-
strict their applicable conditions. According to Prod’s-Homme
theory [19], the variation of the refractive index n with temper-
ature arises from changes in both the electronic polarizability
and the material density. This relationship is expressed by equa-
tion (2):

(n?=1) (n*+2)

dn =——F——(®-p),

dr -~ 6n @

where 7 is the refractive index, 5 denotes the volumetric thermal
expansion coefficient, and ® represents the temperature coeffi-
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cient of electronic polarization, defined by equation (3) as:

= l d_P s (3)

PdT
where P is the polarizability.

Equation (3) indicates that the refractive index increases with
temperature when the electronic polarizability effect predomi-
nates.

Thermal processes, such as the evaporation of precursors or
solvents, induce structural changes in the samples that directly
affect both the refractive index and thickness of the thin films.
The thermo-optic coefficient (TOC), defined as the temperature
derivative of the refractive index at constant pressure, quantifies
this effect in the following equation:

dn

TO0C=—;.
dT

“4)

Additionally, the thermal expansion coefficient (TEC), de-
scribing the change in sample thickness due to temperature
variations, was calculated using equation (5):

_ d(thickness)

TEC
dT

(&)
Notably, the refractive index exhibits an increase with temper-
ature when electronic polarization dominates; conversely, the
TOC becomes negative when thermal expansion effects prevail.

3. RESULTS AND DISCUSSION
Organic compounds used in LSCs should absorb radiation and
re-emit it at a different wavelength suitable for the attached so-
lar cell. A larger Stokes shift in LSC compounds enables more
effective utilization of the absorbed light, which is crucial for
achieving high energy efficiency of LSCs. Absorption and pho-
toluminescence spectra for the compound PQX were recorded
in several organic solvents (acetonitrile — ACN, tetrahydrofuran
— THF, cyclohexane — CHX) and are presented in Fig. 2 and
Fig. 3, respectively.

The absorption spectrum covers the UV and VIS range up
to approximately 570 nm, with the main maximum at approxi-
mately 500 nm. Solvent polarity does not affect the position of
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Fig. 2. Normalized absorption spectra of the PQX dye dissolved in
various organic solvents: acetonitrile (ACN), tetrahydrofuran (THF),
and cyclohexane (CHX)
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Fig. 3. Normalized photoluminescence spectra of the PQX dye dis-
solved in various organic solvents: acetonitrile (ACN), tetrahydrofuran

(THF), cyclohexane (CHX), and a ZnO composite film

the absorption band maximum for the SO—S1 transitions of the
tested dye, as previously observed for similar compounds [20].
The photoluminescence maximum occurs between 530 and
630 nm, depending on solvent polarity, as shown in Fig. 3 and
in Table 1.

Table 1
Absorption and photoluminescence maxima, and the Stokes shift for
the PQX dye in organic solvents

Absorption Photoluminescence Stokes
Parameter . . .
maximum (nm) maximum (nm) shift (nm)
ACN 501 629 128
THF 494 587 93
CHX 494 535 44

Figure 3 also presents the photoluminescence spectrum of a
ZnO composite film containing 0.25 mol% PQX. Due to the low
PQX content, the spectrum is dominated by the ZnO emission
maximum, although the PQX contribution remains discernible.
Organic compounds intended for use in LSCs should exhibit
a large Stokes shift. The Stokes shift values for PQX reported

in Table 1 (particularly in acetonitrile) indicate its potential
suitability for LSC applications.

The optical model was fitted to the ellipsometric data using the
CompleteEASE 5.15 software package. The PSemi-MO parame-
terized semiconductor oscillator model was applied to determine
the thickness and refractive index of the ZnO and ZnO:PQX thin
films. The PSemi-MO oscillator is derived from the Herzinger-
Johs oscillator function [21]. Each PSemi-MO oscillator consists
of four polynomial spline functions connected end-to-end [22].
The model fulfils the Kramers-Kronig relations, and Gaussian
oscillators are additionally incorporated into the optical model.
This combination enhances the model flexibility, providing su-
perior fitting to the experimental data by capturing both broad
material effects and subtle spectral features that the Psemi-MO
model alone cannot adequately describe. All fitting parameters
of the complete optical model for films deposited on silicon
substrates are presented in Table 2. The fitting parameters of
the Psemi-MO oscillator are A (amplitude), B (broadening), Eg
(oscillator energy), PR, WR, AR, and O2R (polynomial control
point parameters).

Figure 4 shows the dispersion relations of the ellipsometric
angles ¥ and A for the ZnO:PQX film, along with the fitted
model for the sample heated at 150°C. The model provides an
excellent fit to the measurement data.

100
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Fig. 4. The dispersion relations of the ellipsometric angles ¥ and A for
the ZnO:PQX thin film on silicon (150°C 1 h), along with the fitted
model

Parameters of oscillator models fitted to ZnO ;r-ladbéig:PQX thin films at 150°C deposited on silicon
Sample Oscillator type ‘ Eg ‘ A ‘ B ‘ WR ‘ PR ‘ AR ‘ O2R ‘
Psemi-M0O 1.810 0.116 0.182 2.408 0.220 0.234 0.040
Gaussian 0.666 0.303 1.476 - - - -
ZnO Gaussian 3.850 0.075 0.826 - - - -
Gaussian 4.735 1.546 0.228 - - - -
Psemi-MO 1.721 0.196 0.244 3.365 0.441 0.390 0.050
Gaussian 0.416 0.437 1.687 - - - -
ZnO:PQX Gaussian 3.489 0.030 0.373 - - - -
Gaussian 4.418 0.951 1.162 - - - -

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 2, p. €157064, 2026



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Thermo-optical, structural, and morphological characterization of ZnO:PQX composite thin films

Based on the fitted optical model, the thicknesses and re-
fractive indices of the studied layers were determined and are
presented in Table 3.

Table 3
Thermo-optical parameters, thicknesses and root mean square
roughness for ZnO and ZnO:PQX films on silicon

Parameter ‘ ZnO ‘ ZnO:PQX
Thickness (nm) at 150°C 396 536
n@300 nm 1.395 1.210
n@ 550 nm 1.368 1.216
TOC@300 nm (1074/°C) -1.85 -1.49
TOC@550 nm (10™4/°C) -1.60 =-1.64
TEC (nm/°C) 0.019 0.063
orMms (nm) (before heating) 2.3 37.1
orMs (nm) (after heating) 0.4 28.6

The effect of temperature on optical parameters was inves-
tigated in two heating-cooling cycles in both samples: ZnO
and ZnO:PQX on silicon substrates. The temperature-induced
changes in thickness are shown in Fig. 5a and 5b, while the
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Fig. 5. Thermal hysteresis of the thickness of (a) ZnO and (b) ZnO:PQX
thin films on silicon
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temperature dependence of the refractive index is presented in
Fig. 6a and 6b. The TEC coefficients were determined from the
slope coefficients of the curves in Fig. 5, and the TOC coeffi-
cients were determined from those in Fig. 6. The TEC and TOC
coefficients are presented in Table 3.
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Fig. 6. Thermal hysteresis of the refractive index n of (a) ZnO,
(b) ZnO:PQX thin films on silicon

In the first heating cycle, the thickness of the ZnO thin
film gradually decreases with increasing temperature. For the
ZnO:PQX composite film, a pronounced reduction in thickness
occurs between 100°C and 250°C. Thermal analysis of PQX
powder indicates rapid decomposition above 300°C, suggesting
that some organic dye residues persist as stable components de-
spite structural changes in thin films heated to 300°C. In Fig. 5b,
distinct thermal effects around 100°C reflect processes such as
organic ligand decomposition and porous structure reorganiza-
tion, which reduce film thickness.

In the sol-gel method, organic additives like DEA and TPSA,
which degrade during annealing, promote a highly porous struc-
ture. During cooling from 300°C in the first cycle, the ZnO
film shows a continued decrease in refractive index, indicat-
ing ongoing structural reorganization initiated by heating. This
may involve further release of residual gases or changes in sur-
face morphology not completed during heating. In contrast, the
ZnO:PQX film exhibits greater stability during cooling, sug-
gesting that PQX modifies the structural dynamics.
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After annealing the ZnO:PQX film at 300°C, the resulting
structure consists of ZnO with PQX decomposition residues.
These residues alter the optical and surface properties of the ZnO
film, as evidenced by its modified refractive index compared to
pure ZnO.

In the second heating cycle, changes in thickness and re-
fractive index are less pronounced, and both films demonstrate
improved thermal stability. At the end of the second cycle, re-
fractive index values are lower than typical literature values for
ZnO films. These low values (below 1.35 for ZnO and around
1.1 for ZnO:PQX) arise from the high porosity of the sol-gel
films.

X-ray diffraction analysis was performed to investigate the
structural changes in ZnO:PQX composites upon thermal treat-
ment. The XRD patterns of pure PQX powder and ZnO:PQX
composite heated at 150°C and 300°C are presented in Fig. 7.
The pure PQX powder exhibits characteristic diffraction peaks
indicative of its crystalline structure. However, the ZnO:PQX
composite heated at 150°C shows a dramatic reduction in
diffraction peak intensity, suggesting a transition to an amor-
phous state or partial degradation of the organic component.
For composites powders heated at 150°C, XRD analysis shows
an almost complete disappearance of diffraction reflections, in-
dicating loss of structural order due to amorphization or partial
degradation. At 300°C, XRD data show only peaks correspond-
ing to crystalline ZnO with wurtzite structure (JCPDS 36-1451),
with no detectable reflections from the original PQX structure.
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e
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PQX powder
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20 (°)

Fig. 7. X-ray diffraction patterns of three studied samples: PQX powder,
ZnO:PQX heated at 150°C, and ZnO:PQX heated at 300°C

Thermal analysis of PQX powder presented in Fig. 8 reveals
distinct thermal effects below 200°C, corresponding to struc-
tural reorganization without significant mass loss.

These observations align with ellipsometric data, which re-
veal thermal effects in thin films at temperatures as low as 100°C.
Lower transformation temperatures in thin films compared to
bulk powder arise from their higher surface-to-volume ratio, in-
terfacial effects, and constrained geometry, all of which reduce
activation energy for structural changes. The sol-gel process-
ing environment and organic additives (DEA, TPSA) further
increase thermal reactivity in thin films. Above 300°C, rapid
thermal decomposition occurs, accompanied by significant mass
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Fig. 8. Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) of PQX powder

loss between 300°C and 400°C due to bond breaking and volatile
product release.

The surface morphology of ZnO and ZnO:PQX thin films on
silicon substrates was characterized by AFM and SEM. AFM
images are shown in Fig. 9.
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Fig. 9. AFM topography images and height profiles of ZnO and
ZnO:PQX thin films annealed at: (a) 150°C, (b) 300°C

Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 2, p. €157064, 2026



www.czasopisma.pan.pl P
Y

N www.journals.pan.pl

Thermo-optical, structural, and morphological characterization of ZnO:PQX composite thin films

AFM images and the corresponding roughness profiles show
that the ZnO film is smooth, with an RMS surface roughness
(cRMYS) of approximately 2.31 nm. The ZnO:PQX composite
film exhibits a noticeably nonuniform surface, with a roughness
of about 37.1 nm. After heating the samples for 1 h at 300°C,
the roughness of both films decreases. The cRMS values are
summarized in Table 3.

SEM images of selected ZnO and ZnO:PQX thin films an-
nealed at different temperatures are shown in Fig. 10. On the
surface of the ZnO layer, isolated grains are visible, which merge
into larger, irregular aggregates on the surface of the ZnO:PQX
composite layer. Individual grains of about 4 um in size are ob-
served on the surface of the ZnO film, whereas the surface of the
ZnO:PQX film is rougher. Increasing the annealing temperature
leads to the appearance of additional grains on both ZnO and
ZnO:PQX surfaces, which is associated with the formation of
the crystalline ZnO phase in the structure [12].

T=150°C

T=300°C

Fig. 10. SEM images of ZnO and ZnO:PQX thin films annealed
at 150°C and 300°C

4. CONCLUSIONS

The paper presents the results of optical, thermo-optical, struc-
tural, and surface morphology studies of ZnO and ZnO:PQX
composite thin films prepared by the sol-gel method using a spin-
coating technique. The films were annealed at 150°C and 300°C.

Optical measurements show that the organic compound PQX
in solution exhibits absorption in the blue region of the electro-
magnetic spectrum with simultaneous emission in the yellow—
orange range, depending on solvent polarity. The largest Stokes
shift was obtained in the most polar solvent (acetonitrile, Stokes
shift 128 nm), which indicates the potential applicability of this
dye as a luminophore in LSCs.

Thermo-optical studies in the temperature range 25-300°C
showed that, during the first heating cycle, a significant decrease
in the thickness of both the ZnO layer and the PQX-containing
layer occurs. During cooling in the first cycle, as well as through-
out the entire second heating—cooling cycle, both the film thick-
ness and the refractive index are markedly more stable than
during the initial heating step. This behavior may be associated
with reorganization of the layer structure, release of residual
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gases, or changes in the surface morphology of the thin films.
The determined TOC values are negative for both films. This
may be because ZnO thin films prepared by the sol-gel method
are porous and exhibit a relatively high TEC coefficient. Wide
band gap materials such as ZnO have low electronic polarizabil-
ity, which implies that the TOC coefficient is dominated by the
volumetric thermal expansion coefficient, leading to a negative
TOC value.

PQX exhibits limited thermal stability, with the onset of
degradation already at 150°C and pronounced decomposition
above 300°C. The annealing process leads to a transition from
an ordered crystalline structure to an amorphous state, which
accounts for the observed changes in optical properties. After
complete PQX degradation at 300°C, only the pure ZnO phase
with wurtzite structure remains, but with increased porosity,
which explains the low refractive index values. The XRD re-
sults confirm that, after annealing above 300°C, the material
can no longer be described as ZnO:PQX, but rather as porous
ZnO containing residual organic fragments. SEM and AFM im-
ages show that the PQX-containing thin film is rougher and that,
after annealing at 300°C, the roughness of both films decreases.

Based on these results, it can be concluded that, despite its
favorable photophysical properties and large Stokes shift, the
PQX dye has limited thermal stability, as evidenced by struc-
tural degradation beginning at 150°C. The incorporation of PQX
into the ZnO matrix significantly reduces the refractive index
(to approximately 1.1 for ZnO:PQX after heat treatment) and
increases the surface roughness of ZnO:PQX thin films. This
may lead to reduced photon absorption, lower emission, and de-
creased efficiency of potential LSC devices based on this com-
posite material. Therefore, the results indicate that the ZnO:PQX
composite system, in its present form, is not suitable for use in
LSCs and requires further modification.
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