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Abstract
In this work, a novel experimental investigation of photoluminescence properties of  Znq2 thin films co-doped with differ-
ent concentrations of DCM were performed. The thin films were successfully deposited on glass substrates with different 
compositions, under high vacuum, by using the vacuum evaporation technique. For all compositions, the photoluminescence 
was measured at room temperature and also at low temperature in a wide range from 77 to 300 K with a step of 25 K in a 
high vacuum. The lifetime of the sample studied in real time was also measured using the decay time technique. The results 
obtained confirm that the doping influences the intensity of the DCM photoluminescence and also shows a complete energy 
transfer occurred from  Znq2 to DCM which may have shifted the photoluminescence peak from  Znq2 to the orange wave-
length region which is related to DCM. The lifetime of the sample studied in real time was about 4.47 ns for  Znq2 and while 
all the other samples showed two decay time components. As a result, the doping influences the optical properties of  Znq2 
and makes it a potential candidate for optoelectronic applications.
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Introduction

Organic materials have become among the major research 
topics lately (Data and Takeda 2019; Yu et al. 2021); its 
use has given rise to promising applications at the industrial 

scale and opened up new perspectives for fundamental phys-
ics (engineering at the molecular scale), because of their 
broad potential benefits in various fields such as optoelec-
tronics (Kukhta and Bryce 2021), environmental purifica-
tion (Xie et al. 2020; Wang et al. 2019), biomaterials (Zhou 
et al. 2020), solar energy conversion (Lee et al. 2017), sen-
sors (Pięk et al. 2018), and in the field of medicine (Alam 
et al. 2018). These materials can combine very interesting 
optical (absorption, emission), electronic (insulating, semi-
conductor, metallic, or superconducting), and mechanical 
properties in the form of a single molecule, self-assembling 
single layers, or thin crystalline or amorphous films. The 
manufacture of thin-film has attracted considerable atten-
tion in the world in recent years due to its uses in different 
applications for different fields of research (Pan et al. 2019; 
Saadiah et al. 2019).

Organic dyes, in particular merocyanines dyes (Schembri 
et al. 2021), (Kulinich et al. 2018), and the metal–organic 
materials in the form of thin films, have been widely used 
in the last decades in various applications as energy trans-
port materials, in particular for optoelectronic devices, dye 
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lasers, organic light-emitting diode (OLED), and solar cells, 
because of their interesting electrical and optical properties 
(Liess et al. 2019; Li et al. 2021; Pozin et al. 2021; Saeed 
et al. 2020; Gu and Zhang 2019; Ou et al. 2019).

4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran (DCM) is an organic coloring molecule that belongs 
to the class of merocyanines; it was first used by Eastman 

Kodak Company in 1997 as a doping material in the red 
color laser (Hong et al. 2021). This molecule contains a 
push–pull system which generally consists of an electron 
donor part and an electron acceptor part that are separated 
by a conjugated bridge, and this structure has attracted the 
attention of several research groups. It has shown great 
potential in its field due to its very interesting photophysical 

Fig. 1  Physical vapor deposi-
tion (PVD) apparatus

Fig. 2  Experimental setup for 
low-temperature photolumines-
cence measurements



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 49 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

81649Environmental Science and Pollution Research (2023) 30:81647–81666 

1 3

properties like its high fluorescence quantum efficiency, its 
absorption, and emission spectra, and also it has shown a 
large Stokes shift (Laouid et al. 2022). Therefore, it received 
great interest, which made it a basic material for several 
applications such as luminescent solar concentrators, pho-
tovoltaic, inorganic light-emitting diodes, and NLO applica-
tions (Popczyk et al. 2019; Waszkowska et al. 2020). This 
molecule contains a push–pull system which generally con-
sists of a donor and an acceptor part of electrons (Noirbent 
et al. 2021). It has shown great potential in its field because 
of its very interesting photophysical properties (Weishäupl 
et al. 2021).

Studies on metal–organic materials, particularly 
metal–organic materials based on 8-hydroxyquinoline, 
remain a subject of interest due to their interesting and 
unique properties known for their fluorescence strength 

and significant non-linear optical properties (Kutluay 
2021; Chen et al. 2022; About et al. 2021). Among these 
hydroxyquinoline compounds, we have a green luminescent 
material called bis(8-hydroxyquinoline) zinc  (Znq2). It is a 
semiconductor material that has attracted great interest from 
several researches’ teams because of its mechanical, elec-
trical, thermal, and chemical properties (Saito et al. 2021; 
Shinde et al. 2018; Li et al. 2019; Lougdali et al. 2022). 
 Znq2 has shown in front of aluminum tris (8-hydroxyqui-
noline)  (Alq3), which is the leader in its field in terms of 
luminescence efficiency and high quantum efficiency at a 
low operating voltage (Shahedi et al. 2017). This makes it 
an attractive material in various applications, such as medi-
cine, photovoltaics, photonics, optoelectronics, and espe-
cially for OLED applications (Yuan et al. 2021; Shahedi 
et al. 2021).

Fig. 3  AFM image, roughness and profile of DCM pure thin film (5 µm × 5 µm)
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On the other part, photoluminescence is a field that has 
been expanding and refining since the 1970s (Gilliland 
1997). Photoluminescence spectroscopy is a powerful non-
destructive optical technique, which allows to characterize 
semiconductor materials and also insulating materials (Yu 
and McCluskey 2021). Because of its good resolution, high 
precision, and high sensitivity, it has become an important 
technique in the study and engineering of materials. Time-
resolved photoluminescence (TRPL) is a technique adapted 
to study the quick electronic deactivation processes that lead 
to the emission of photons in many types of materials such 
as metal–organic complexes and dyes. This fluorescence 
lifetime can be influenced by several parameters such as the 
molecular environment as well as by interactions with other 
molecules. This technique makes it possible to measure life 
in real time.

The main objective of this work is to manufacture 
organic thin films that are both environmentally friendly 
and represent a suitable candidate for optoelectronic 
applications; for this purpose, thin films of the differ-
ent compositions of DCM and  Znq2 were developed 
using the vacuum evaporation technique in order to 
take advantage of the properties presented by these two 
materials. This paper is centered on the study of the 
impact of doping and temperature on photoluminescence 
and decay time, and also studied the transitions made 
to its various samples. The photoluminescence results 
obtained showed that the mixture of these organic com-
pounds (DCM and  Znq2) present a very good alternative 
to produce optoelectronic devices and more particularly 
a very good one to generate red color lasers of good 
quality and very low cost.

Fig. 4  AFM image, roughness and profile of  Znq2 pure thin film (5 µm × 5 µm)
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Experimental methods

Deposition technique of thin films

Since the glass surface quality has an impact on the proper-
ties of the thin films, cleaning is of considerable importance 
before starting the deposition. The cleaning method used 
consists of using an acetone bath with ultrasound for 15 min, 
then an ethanol bath, and finally, cleaning with isopropanol 
using flow synthesis.

The different samples were deposited on glass substrates 
using the vacuum evaporation technique under high vacuum 
5 ×  10−6; the high vacuum is created by using two-pump 
diffusion pump and roughing pump is using the following 
system System-NANO 36™ (Kurt J. Lesker Company) 
(Popczyk et al. 2019).

Figure 1 shows the diagram of the co-deposition vac-
uum evaporation process. Powdered materials were pur-
chased from Sigma-Aldrich and used without any purifi-
cation. In order to obtain the optimal conditions for the 
deposition carried out in this experiment, the powders 
were placed separately in two aluminum oxide crucibles. 
Each crucible is placed in turn in a shielded tungsten cru-
cible heater to control the temperature of the materials 
so that they have different deposition temperatures. The 
temperatures were controlled manually. The substrates 
are placed in a rotating holder. This study aims to deposit 
samples with different compositions and therefore the 
adjustment of the rates is a very important element; for 
this reason, the crucibles were covered until the rate con-
trol to ensure that the desired percentages were deposited, 
after adjusting all the parameters including density, Z-fac-
tor, and thickness of each element; checking the machine 

Fig. 5  AFM image, roughness and profile of 90%DCM-10%Znq2 thin film (5 µm × 5 µm)
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parameters, and also reaching  the secondary vacuum 
which is another necessary parameter for the deposition 
as it provides a guarantee of film purity. The deposition 
process starts, and the powder starts to evaporate to form 
the thin film on the substrates. After obtaining the desired 
thickness (100 nm) with the help of the sensors, the depo-
sition process stops automatically.

Characterization of thin films

In the present work, the atomic force microscopy tech-
nique (AFM) was used to examine the morphological 
properties of DCM co-doped  Znq2 thin films deposited 

on glass substrates. AFM imaging was studied in tapping 
mode, using the fiber-lite MI-150 equipment.

The photoluminescence of the thin layers grown on the 
glass substrate was measured by using FluoroMax-4 spectro-
fluorometer using FluorEssence software, and the source of 
excitation was a xenon lamp (Anoua et al. 2021; Zawadzka 
et al. 2019). This machine allows the measurement of excita-
tion and emission as a function of the wavelength.

In order to study carefully the influence of the low 
temperature on the photoluminescence intensity of the 
samples, the measurements were carried out in the tem-
perature interval of 77 to 300 K with a step of 25 K. 
The cooling was performed using liquid nitrogen. The 

Fig. 6  AFM image, roughness and profile of 70%DCM-30%Znq2 thin film (5 µm × 5 µm)



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 53 

 
  

81653Environmental Science and Pollution Research (2023) 30:81647–81666 

1 3

photoluminescence measurements were made inside a 
vacuum chamber under vacuum  10−3 torr as it is presented 
in Fig. 2. The substrate was attached to a temperature con-
troller to adjust the temperature at each time.

Results and discussion

Morphological proprieties

The AFM pictures, roughness, and profile of each compo-
sition are presented in Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig. 7, 
Fig. 8, Fig. 9, and Fig. 10.

The AFM pictures demonstrate that doping influences 
the surface of the samples. For the images of the pure 

DCM sample, they showed a highly roughened (Aver-
age value ≈ 1.12 μm ) surface with microscopic grains 
as shown in the film profile, while the sample of the 
pure  Znq2 showed a sponge structure with low thickness 
and manometric size granules are particularly noticeable. 
The other samples showed homogeneous morphology 
with a tendency to form nano spherical grains of a few 
nanometers in height as shown in the film’s profiles. The 
samples of 90%DCM-10%Znq2, 70%DCM-30%Znq2, and 
50%DCM-50%Znq2 showed a flat surface with average 
roughness values respectively 12.9 nm, 9 nm, and 10 nm, 
while the samples of 20%DCM-80%Znq2, 10%DCM-
90%Znq2, and 5%DCM-95%Znq2 showed a sponge sur-
face structure as in the case of pure  Znq2 with average 
roughness values respectively 7 nm, 10 nm, and 12 nm.

Fig. 7  AFM image, roughness and profile of 50%DCM-50%Znq2 thin film (5 µm × 5 µm)
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Photoluminescence at room temperature

For all samples except  Znq2, the emission spectrum meas-
urements were studied from 500 to 850 nm, excited by 
450 nm, while the excitation spectrum was measured in the 
range 300 to 600 nm at the maximum value of the emission 
intensity of about 645 nm. For thin films of  Znq2, its emis-
sion spectrum was studied from 450 to 700 nm, excited by 
395 nm, while the excitation spectrum was measured in the 
range 200 to 500 nm at the maximum value of the emission 
intensity of about 536 nm.

The fluorescence changes of  Znq2 samples co-doped with 
DCM are shown in real images in Fig. 11.

The photoluminescence spectra of  Znq2-doped DCM thin 
films with different percentages are shown in Fig. 12.

The pure  Znq2 thin film showed strong luminescence 
in advance of the pure DCM thin film, while the highest 
luminescence intensity is that of the 5%DCM-95%Znq2 
sample. For the other samples, the intensity of photolu-
minescence is diminished compared to the pure  Znq2 thin 
film as the percentage of  Znq2 increases in the structure. 
For samples with a large percentage of  Znq2 (5%DCM-
95%Znq2, 10%DCM-20%Znq2, 20%DCM-80%Znq2), 
their PL spectra were shifted to orange (41 nm ± 5 nm) 
relative to the pure  Znq2 PL spectrum, and present three 
emission bands, as in the case of pure DCM. The first two 
bands had a low intensity at 490 nm and 504 nm respec-
tively; however, the third most intense band is 614 nm. 
While in the samples with a large percentage of DCM 
(70%DCM-30%Znq2, 90%DCM-10%Znq2) their spectra 

Fig. 8  AFM image, roughness and profile of 20%DCM-80%Znq2 thin film (5 µm × 5 µm)
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were shifted to red (with 116 nm), 50%DCM-50%Znq2 
sample has taken the character of pure DCM.

The samples with the different compositions of DCM 
and  Znq2 show peaks in the orange color emission region 
which is related to DCM; this result indicates that a complete 
energy transfer has occurred from  Znq2 to DCM due to the 
overlap between PL  Znq2 emission and DCM absorption 
Fig. 13. This is the same result found by Abedi et al. (2014) 
when they combined DCM with  Alq3.

As the observed PL spectra consist of a large band of vis-
ible luminescence, each spectrum was fitted with the Gauss-
ian function in order to carefully study the transitions that 
occurred in the samples. The deconvoluted spectra involve 
several emission peaks, and each emission peak corresponds 
to a specific transition present in the particular sample; 

furthermore, the global spectrum is the sum of the corre-
sponding Gaussian peaks. Figure 14 shows the deconvoluted 
PL spectra of all samples.

Through analysis of the fitted spectra, the pure DCM 
sample has presented five distinct characteristic peaks at 
or around 503 nm, 527 nm, 608 nm, 640 nm, and 692 nm. 
The pure  Znq2 thin film shows three distinct character-
istic peaks at or around 515 nm, 546 nm, and 579 nm. 
Samples with a large percentage of DCM showed three 
emission bands around 601 ± 4 nm, 648 nm, and 695 nm 
± 5 nm, while samples with a large percentage of  Znq2 
have 4 emission bands around 490 nm, 506 ± 1 nm, 600 ± 
4 nm, and 646 nm. Table 1 summarizes the results of the 
Gaussian fitting for emission spectra for all the samples 
at room temperature.

Fig. 9  AFM image, roughness and profile of 10%DCM-90%Znq2 thin film (5 µm × 5 µm)



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 56 

 
  

81656 Environmental Science and Pollution Research (2023) 30:81647–81666

1 3

Fig. 10  AFM image, roughness and profile of 5%DCM- 95%Znq2 thin film (5 µm × 5 µm)

Fig. 11  The actual fluorescence changes of the  Znq2 Co-doped DCM samples. (a) The samples exposed to ultraviolet light and (b) the samples 
under normal conditions
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The emission bands of the pure DCM sample peak-
ing at 503  nm, 527  nm, and 646  nm represent the 
characteristic bands, it can be attributed to the transi-
tion from HOMO → LUMO, HOMO-1 → LUMO, and 
HOMO → LUMO + 1. The other emission bands can be 
attributed to the excited and defect levels created in the film 
during deposition. The other thin films showed a dominance 
of red emission bands that are characteristic of pure DCM. 
They also showed new emission bands that depend on the 
percentage of  Znq2 in the structure.

The excitation spectra were also fitted by the Gaussian 
function, as shown in Fig. 15. The fitting of the excitations 
graphs allows to identify the transitions carried out inside 

Fig. 12  a Emission, b excitation 
spectra at room temperature for 
all the samples

Fig. 13  Photoluminescence characteristic of  Znq2 and absorbance DCM
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Fig. 14  Curves fitting for emissions spectra at room temperature of a  Znq2 pure, b DCM pure, c 10%DCM90%Znq2, d 90%DCM10%Znq2, e 
50%DCM50%Znq2
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the thin film; more precisely, it gives a piece of informa-
tion on the energy of gape of the thin films. Table 2 below 
summarizes the peaks’ values found and their equivalent 
energies for all samples.

The pure  Znq2 film showed the presence of 4 peaks, 
while pure DCM film showed six peaks. Pure  Znq2 film has 
shown the transition that indicates their gape energy 2.9 eV 
(Monzon et al. 2011); this result is found by several research 
teams. The same for the pure DCM film has presented the 
transition of its gape energy 2.2 eV (Fujii et al. 1997; Qin 
et al. 2016).

The presence of the peak at 270 nm in all samples is 
well noted. The samples with different compositions, they 
presented from their turn six peaks. These peaks are also 
distinguished by the presence of the characteristic peaks 
of pure DCM and pure  Znq2 and also distinguished by the 
presence of new peaks which are the characteristic peaks 
of these samples. These results allowed us to confirm the 
presence of several transitions in the thin films. The fact 
that DCM belongs to the push–pull system which is both 
electron donor and acceptor, and  Znq2 has the character of 
an electron donor, the deposited films likely have a donor1-
acceptor-donor2 chain form. And consequently, the structure 
has characteristic energy of pure DCM, of pure  Znq2, and 
more energies that are most likely related to the transition 
due to the interaction between A-D1 and the interaction 
between A-D2.

Temperature effect

The photoluminescence at low temperatures of thin films 
grown on a glass substrate with different compositions was 
also studied. Figure 16 shows the photoluminescence of all 
samples at low temperatures.

The 5%DCM-95%Znq2, 10%DCM-90%Znq2, and 
20%DCM-80%Znq2 samples showed a decrease in photo-
luminescence ranging from 77 to 175 k, then they increased 
sharply  8103 CPS, 5  103 CPS, and 4  104 CPS respectively in 
the temperature range 200 to 275 K to reach the maximum, 
then it decreases while keeping the same position: 605 nm 
for 5%DCM-95%Znq2, 600 nm for 10%DCM-90%Znq2, and 
612 nm for 20%DCM-80%Znq2. While for the other samples, 
the most intense peak is obtained with the lowest temperature 
(77 k) and as the temperature increases the intensity of the 
peaks decreases; this decrease is accompanied by a change 
in the position of the peak maximum (1 nm for each 25 K).

The intensity of the photoluminescence of the elaborated 
samples is much higher at low temperatures; this dependence 
on the temperature can be explained by the non-radiative 
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Fig. 15  Curves fitting for excitations spectra at room temperature of a  Znq2 pure, b DCM pure, c 10%DCM90%Znq2, d 90%DCM10%Znq2, e 
50%DCM50%Znq2
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recombination of the photoexcited carriers which becomes 
more effective when we increase the temperature. Table 3 
combines the data for the photoluminescence measurement 
of all films.

The most intense photoluminescence is obtained by the 
pure  Znq2 sample at low temperature, while for all other 
samples the DCM character dominates.

Decay time

Time-resolved photoluminescence (TRPL) is a technique 
adapted to study the quick electronic deactivation processes 
that lead to the emission of photons in many types of mate-
rials such as metal–organic complexes and dyes. This fluo-
rescence lifetime can be influenced by several parameters 
such as the molecular environment as well as by interactions 
with other molecules. This technique makes it possible to 
measure life in real time.

The lifetime decay of the samples was measured at room 
temperature (300 K) using the FluoroMax-4 spectrofluor-
ometer, which is connected to the FluoroHub single-photon 
counting controller using a pulsed diode as the excitation 
source (Zawadzka et al. 2014). The choice of the diode is 
related to the excitation wavelength.

Figures 17 and 18 show the decay time curves of all stud-
ied samples at different compositions. These curves show a 
transition between the ground state and the excited state and 
therefore are the results of the interaction between the emit-
ting residues and their excited state of the films.

The spectra of all the films studied showed a decay with 
a nature of two exponentials. To properly analyze the life-
time decay of the samples, all the curves obtained are fitted 
with the bi-exponential function described by the following 
equation:

where A1 and A2 are constants, t is pulse time, and 𝜏1 and 𝜏2 
are decay values.

All samples showed two decay time components one 
short and one long. The  Znq2 film showed a longer exci-
ton lifetime than the other samples 𝜏1Znq2 = 3.47 ns and 
𝜏2Znq2 = 10.96 ns, while the samples with different compo-
sitions showed a dominance of the pure DCM film charac-
ter even in the samples with a high percentage of  Znq2 as 
is presented in Fig. 18. The obtained values of the slow-
est decay components for the other samples are 𝜏1 = 0.09 
ns, while the values obtained of the highest decay com-
ponent are 𝜏2 = 2.27 ns. The average sample lifetime was 
also calculated 𝜏av = 1.18 ns; consequently, the emission 
is fluorescence.

In polar environments, the DCM undergoes an intramo-
lecular charge transfer (Kumar Kanaparthi et al. 2021; Lee 

(1)Y = A1e
t

𝜏1 + A2e
t

𝜏2
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Fig. 16  Photoluminescence emission spectra at different temperatures for a  Znq2 pure, b DCM pure, c 90%DCM10%Znq2, d 
10%DCM90%Znq2, e 50%DCM50%Znq2
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et al. 2018) but in the following study we work on thin films, 
and due to the rigid environment hindering the movement 
of the molecules it is impossible that this phenomenon will 
occur, and therefore it is very likely that there is a Forster 
resonance energy transfer phenomena which results in non-
radiative energy transfer from the donor fluorophore in the 
excited state to an acceptor molecule via a Coulomb interac-
tion (Sasaki et al. 2016); this hypothesis can be reinforced 
by the spectral overlap of the emission spectra of the donor 
and the absorption spectra of the acceptor. The presence 
of the two decay times in pure DCM can be explained by 
two different physical processes illustrated in the transi-
tions that occur from the ground state to the excited state 
of the donor and the transition from the ground state to the 
excited state of the acceptor, while for pure  Znq2 samples, a 
study suggests that the presence of the two decomposition 
rates is made up of two distinct physical processes that take 
place during the transfer of energy from the ground state to 
a higher state or a central metal atom to a quinoline ligand 
(Painuly et al. 2020).

Conclusion

In summary, DCM and  Znq2, which are red and green lumi-
nescent materials, respectively, were deposited under a high 
vacuum as thin films on glass substrates by the vacuum 
evaporation method. The emission spectra data shows that 
a small percentage of DCM inside  Znq2 can increase the 
photoluminescence intensity of the film; it also showed that 
a shift in the peak positions of the samples was also carried 
out which confirm that a complete energy transfer occurred 
from  Znq2 to DCM due to the overlap between the PL emis-
sion of  Znq2 and the absorption of DCM. Excitation spec-
tra data showed in its turns the presence of more than one 
transition in the different samples. Low-temperature photo-
luminescence spectra showed that the photoluminescence 
intensity of the processed samples is much higher at low 
temperature; this temperature dependence can be explained 
by the non-radiative recombination of the photoexcited car-
riers which becomes more efficient when the temperature 
is increased. The time-resolved photoluminescence (TRPL) 
technique showed the presence of a single decay time in pure 
 Znq2 and two decay times for the other samples. The results 
obtained show that the combinations of these two materials 
are a good choice for optoelectronic applications.
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Fig. 17  Decay time curves a 
DCM pure and b  Znq2 pure at 
the maximum of luminescence 
wavelength at room tempera-
tures of the measurements
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A B S T R A C T

In the present work, investigations on the second and third-order NLO properties of, 4-(dicyanomethylene)-2- 
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) reddye co-doped bis(8-hydroxyquinoline) Zinc (Znq2) thin 
films with different concentrations were investigated. The samples have a thickness of 100 nm. They were 
prepared using the physical vapor deposition (PVD) method under a high vacuum. The morphological properties 
were studied by atomic force microscopy. The second-order nonlinear susceptibility χ(2) after applying the 
corona poling technique was estimated using the comparative model of Lee, while the third-order nonlinear 
susceptibility χ(3) was estimated using the comparative model of Kubodera and Kobayashi. The tested samples 
varied in terms of the concentration of DCM in the structure, which visibly influenced their nonlinear response. 
The pure DCM thin film showed a large value of the second and third-order nonlinear susceptibility, while pure 
Znq2 had only the second harmonic response with a low value. In this study, we have demonstrated that doping 
with DCM, even with small concentrations, has also strongly enhanced the non-linearity of Znq2. The obtained 
results show that such compositions can be a good alternative for optoelectronic applications.

1. Introduction

The research field of nonlinear optics (NLO) has received consider-
able interest over the years [1–4]. It concerns the processes that occur 
when a material medium is subjected to a light beam that is sufficiently 
intense to modify the response of the medium to the electromagnetic 
field [5,6]. Among these processes, we find the second harmonic gen-
eration (SHG), third harmonic generation (THG), and optical Kerr effect 
[1,7,8]. The most significant effect is that these processes can be 
“combined” or " divided” (sum and difference frequency generation), 
offering the possibility to manipulate the micro frequencies [9]. Several 
research teams are actively involved in developing the NLO field not 
only as a supplement to linear optics but also for its potential in other 

disciplines including high-resolution imaging, bioimaging, quantum 
optics, and optoelectronics [10–15]. As each medium has a different 
polarization intensity, the NLO behavior is strongly dependent on the 
type of material in the medium, which makes its application 
wide-ranging. Additionally, harmonic generation can be a reliable in-
dicator of microstructural information or change due to its sensitivity to 
the crystal structural symmetry and nonlinear susceptibility is used to 
investigate the ability of materials to generate a nonlinear process [16].

NLO materials have attracted the attention of the scientific com-
munity due to their properties, which are useful in various applications 
such as imaging and optoelectronics [17–19]. Nevertheless, finding 
suitable NLO materials for the fabrication of electro-optic devices is not 
an easy task. Indeed, the high susceptibilities of these materials are 
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Torun, Poland.

E-mail address: laouidamina9@gmail.com (A. Laouid). 

Contents lists available at ScienceDirect

Optical Materials

journal homepage: www.elsevier.com/locate/optmat

https://doi.org/10.1016/j.optmat.2024.116045
Received 18 January 2024; Received in revised form 27 August 2024; Accepted 1 September 2024  

2SWLFDO�0DWHULDOV�������������������

$YDLODEOH�RQOLQH���6HSWHPEHU������
�����������������(OVHYLHU�%�9��$OO�ULJKWV�DUH��
�
��
	��LQFOXGLQJ�WKRVH�IRU�WH[W�DQG�GDWD�
�������$,�����������DQG�VLPLODU�WHFKQRORJLHV��



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 68 

 
  

necessary for the development of electro-optical devices and all-optical 
data processing systems. Due to the electronic structure of materials 
with conjugated π-electron systems, the optical properties are often 
much more non-linear with a fast response compared to inorganic ma-
terials [20].

In particular, bis(8-hydroxyquinoline) Zinc (Znq2) thin films have 
been studied for many years due to their potential in several fields, 
including optoelectronics, photovoltaics, and photonics [21–24]. Due to 
their unique intramolecular structure that allows them to exhibit great 
electron transfer properties and their ability to emit light in the visible 
range, both linear and nonlinear optical properties have been exten-
sively studied [22,25,26]. Znq2 is distinct from other compounds due to 
it significant potential as a third-order nonlinear material. This is mainly 
because of its ability to exhibit switchable nonlinearity, which arises 
from two key factors: (1) the multiple accessible electronic states of the 
central zinc atom, which can undergo transitions under external fields, 
and (2) the charge transfer interactions between the zinc atom and the 
surrounding 8-hydroxyquinoline ligands. These charge transfer pro-
cesses, facilitated by the coordination environment of the zinc, enable 
reversible changes in the electronic distribution, thereby allowing for 
the modulation of nonlinear optical properties [27–29].

On the other hand, 4-(dicyanomethylene)-2-methyl-6-(4-dimethy-
laminostyryl)-4H-pyran (DCM), as a push-pull molecule containing 
electron-donating (D) and electron-accepting (A) groups connected by a 
π-conjugated bridging group (D-π-A system) are of particular interest 
[30–34]. This interest is due to their applications in optoelectronics, e.g., 
in organic light-emitting diodes, light-emitting sensors, and semi-
conductor lasers [35,36]. The important characteristics of this type of 
material are mainly related to the extended π-conjugated systems [37,
38]. DCM belonging to the merocyanine family (red dye), exhibits very 
interesting photophysical properties such as tunable electronic absorp-
tion and fluorescence emission energies and high fluorescence quantum 
yields. However, the nonlinear optical responses of DCM as a thin film 
are still limited [39,40].

Motivated by the properties presented by the two materials, thin 
films with different compositions of DCM and Znq2 have been prepared 
by vacuum evaporation technique. The morphological properties have 
been developed by using the atomic force microscopy technique. The 
nonlinear properties more precisely the second and third harmonic re-
sponses of these thin films with different compositions have been stud-
ied for the first time in this work. In particular, a comparative study is 
carried out on the different compositions of the thin films in order to 
study the influence of doping on the nonlinear properties. Pure DCM has 
shown a very good nonlinear response.

2. Experimental methods

2.1. Preparation of thin films

DCM and Znq2 powders were purchased from Sigma-Aldrich and 
used as is without any further purification. Pure and DCM-doped Znq2 
thin films were prepared on a glass substrate by the physical vapor 
deposition (PVD) method.

The process of deposition was performed using a vacuum system 
called “thin film Deposition System - NANO 36™" (Kurt J. Lesker 
Company) [34–36,41,42]. The deposition is carried out inside the vac-
uum chamber, under a very high vacuum (1.3 *10−5 torr) Fig. 1. The 
thickness of the deposited layer will depend on the evaporation rate, the 
geometry of the source, the substrate, the evaporation time, and the 
distance between the substrates and the source. The DCM and Znq2 
powders were positioned on two different crucibles and the distance 
between them and the glass substrates was equal to 20 cm. During the 
whole deposition process, the substrates were rotated at a speed of 20 
rpm, while the film thicknesses and deposition rates were monitored by 
piezoelectric sensors. The deposition process automatically stopped 
when the desired thin film thickness was achieved. The thin film 
thickness was determined by the vacuum system using a piezoelectric 
detector.

2.2. Atomic force microscopy measurements

The morphological properties of the studied thin films were exam-
ined by the atomic force microscopy (AFM) technique in contact mode. 
The measurements were carried out at room temperature by using 
Nanosurf easy Scan 2 AFM XYCONTR cantilever microscope [30,43].

2.3. UV–visible measurements

A double-beam spectrophotometer (PerkinElmer Lambda 2 UV/VIS/ 
NIR) was used to measure the transmission spectra of the deposited thin 
films at normal incidence in the spectral range 190–1100 nm [44].

2.4. NLO measurements

The second and third-order nonlinear optical effects were studied 
using second and third-harmonic generation techniques. The measure-
ments were performed in the transmission scheme using the Maker 
rotating fringe technique with a quartz sample plate as reference ma-
terial by rotating the sample from −60◦ to 60◦ on a rotating table [45,

Fig. 1. Physical vapor co-deposition (PVD) apparatus: DP, diffusion pump; RP, 
rotary vacuum pump; V1,V2,V3 and V4 valves.

Fig. 2. Experimental set-up for SHG and THG measurements.
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46]. A pulsed Nd:YAG laser (PL2250, Ekspla) generating a wavelength of 
1064 nm (pulse duration – 30 ps) was used as the light source, and the 
intensities of the generated harmonics as a function of the rotation angle 
were obtained. Second-order measurements were performed in a verti-
cally (P) and horizontally (S) polarized fundamental beam. An inter-
ference filter was placed in alignment to cut the main wavelength of the 
generated residual harmonics Fig. 2.

2.5. The “Corona poling” technique

The Corona poling method is widely used, and it corresponds to the 
heat treatment under an electric field. It is used to orient the material to 
break the centrosymmetry for some mediums. The nonlinear medium 
must be non-centrosymmetric in order to optimize the efficiency of 
conversion of the fundamental wave to the harmonic. The orientation of 
the molecules allows a significant increase in the efficiency of the second 
harmonic generation process [47,48].

The experimental set-up allowing the orientation of the molecules is 
represented in Fig. 3.

The principle of this method is as follows: Firstly, the system is 
initially heated to the material’s glass transition temperature (0 to t1) 
which is the temperature range in which the material transitions from a 
hard and relatively brittle state into a viscous or rubbery state. This state 
change is crucial as it allows the molecules within the material to 
reorient themselves more freely under the influence of the applied 
electric field.

Once the material reaches thermal equilibrium at the glass transition 
temperature, a high voltage is applied between the wire electrode and 
the substrate electrode. The electric field generated by this voltage in-
duces a preferential orientation of the molecular dipoles within the 
material. This alignment breaks the initial centrosymmetry, a necessary 
condition for second harmonic generation in nonlinear optical 
processes.

The high voltage is maintained while the material is held at the glass 
transition temperature for a specific duration (t1 to t2) During this 
period, the molecules are effectively “frozen” in their new orientation as 
the material cools down. After the application of the electric field, the 
high voltage is deactivated only when the material has been cooled back 
to room temperature. This step ensures that the oriented molecules 
retain their alignment even after the material returns to its solid state, 
thus locking in the enhanced nonlinear optical properties [49].

3. Theory

3.1. Second and Third harmonic generation (SHG&THG)

In linear optics, the propagation of light in a medium is governed by 
its dielectric properties, the response to the electromagnetic field, at the 
microscopic level, is expressed by the following polarization: 

P→= ε0χ(1) E→ (1) 

The term χ(1) represents the linear susceptibility. It is directly related 
to the linear refractive index of the medium also causing the linear ab-
sorption and is the only not negligible term when the intensity of the 

electromagnetic wave is low.
In the last few centuries, nonlinear optics has experienced a renais-

sance due to lasers and the high fields that they produce, the response of 
the medium to such an excitation doesn’t have the linear form anymore, 
and therefore it is now necessary to take into account other terms called 
nonlinear that appear in the following equation [50]. 

P→= ε0

(
χ(1) E→+ χ(2) E→

2
+ χ(3) E→

3
….

)
(2) 

P→= P→l + P→nl (3) 

P→l = ε0χ(1) E→ : Linear polarization 

P→nl = χ(2) E→
2
+ χ(3) E→

3
…. : Non-linear polarization 

The terms χ(2) and χ(3) are the nonlinear susceptibilities of order two 
and three, respectively.

The second term χ(2) E→
2 

Corresponds to the nonlinear optics pro-
ducing effects of the second order effects such as the generation of the 
second harmonic. It depends strongly on the symmetry of the medium. 

The third term χ(3) E→
3 

corresponds to nonlinear optics producing third- 
order effects. These effects are independent of the symmetry of the 
medium since they can occur even in mediums with a center of inver-
sion. Examples are the generation of the third harmonic, Raman scat-
tering, etc.

3.2. Theoretical models

3.2.1. Theoretical models to calculate the second-order nonlinear 
susceptibility

In order to measure the second-order nonlinear susceptibility χ(2), 
many theoretical and computational research works have been devel-
oped. The nonlinear optical characterization is done by the SHG tech-
nique. Different theoretical models allow us to find the value of χ(2) and 
also deal with different cases of materials, either in solution, thin film, 
powder, solid material, etc. Among these theoretical models are Lee’s 
model, Jerpahrgnon and Kurtz’s model, and Herman and Hayden’s 
model.

The Jerphagnon and Kurtz model was developed in 1970. It con-
siders that the second harmonic power induced by the propagation of a 
fundamental wave through a crystal of length L is given on the output 
side by the relation: 

I2ω = IM(θ)sin2 ψ (4) 

ψ = π
2

L
LC(θ)

(5) 

ψ represents the interference factor between the free and bound 
waves, and Lc the coherence length depending on the angles θω and θ2ω .

The theoretical model of Herman and Hayden was developed in 1995 
for the nonlinear optical characterization of bulk materials and thin 
films as well [51]. This model differs from those developed previously in 
that it has the advantage of expressing the second harmonic intensity by 

Fig. 3. Diagram of the experimental set-up used for corona poling.

A. Laouid et al.                                                                                                                                                                                                                                  2SWLFDO�0DWHULDOV�������������������

��



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 70 

  

taking into account the absorption of materials at the fundamental and 
second harmonic wavelengths.

In this work, the model used is the simplified Lee model [52,53]. This 
model is perfect for determining the second-order non-linear optical 
susceptibility of thin films. Its principle is based on the comparison of 
the macroscopic NLO properties of the studied sample with those of the 
reference material, in our case a quartz crystal slide of 0.5 mm thickness. 
This simplified model takes into account the thickness of the film d and 

the coherence length of quartz lc,q: 

χ(2)

χ(2)
q

=2
π

lc,q
d

̅̅̅̅̅̅
I2ω

I2ω
q

√
(6) 

χ(2) and χ(2)
q are respectively the second-order nonlinear electrical 

susceptibilities of the material under study and the quartz. I2ω and I2ω
q 

respectively represent the maximum envelope intensities of the second 

Fig. 4. 3D AFM image and profile of: (a)Pure DCM, (b) Pure Znq2,(c)90%DCM_10%Znq2,(d) 70%DCM_30%Znq2,(e) 50%DCM_50%Znq2,(f) 20%DCM_80%Znq2,(g) 
10%DCM_90%Znq2,(h) 5%DCM_95%Znq2.
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harmonic signal of the material under study and the quartz.
It requires a reference material to normalize the amplitude of the 

bands obtained for the sample studied. The reference used is therefore 
quartz, with nonlinear susceptibility of order two is known and is worth 
(χ(2) = 1 p.m./V) [53,54].

The coherence length value is also given by the following expression: 

lc,q =
λω

4
(
nq(2ω) − nq(ω)

) (7) 

λω is the wavelength of the fundamental beam (λω = 1064 nm), nq(ω)

and nq(2ω) are the refractive indices of quartz at the wavelength of the 
beams, respectively, fundamental and second harmonic generated nq(ω)

= 1534 at 1064 nm and nq(2ω) = 1547 at 532 nm).

3.2.2. Theoretical models to calculate the third-order nonlinear 
susceptibility

To measure the third-order nonlinear susceptibility χ(3) the model of 
Kubodera and Kobayashi has been used [55]. This model has been 
developed taking into account two approaches, according to the ab-
sorption of the material or according to its negligence.The non-linear 
susceptibility of the third order is given in this case by the following 
formula: 

χ(3) = χ(3)
s

(
2
π

)(
ls,c
l

)(
I3ω

I3ω
s

)1 /2
(8) 

ls,c =
λω

6
(
nq(3ω) − nq(ω)

) (9) 

χ(3)
s represents the nonlinear susceptibilities of order three of silica, 

I3ω is the maximum intensity of the envelope of the third harmonic signal 
of the studied material, I3ω

s is the maximum intensity of the envelope of 
the third harmonic signal of silica, ls,c represents the silica coherence 
length and l the thickness of the sample.

At a wavelength of 1064 nm, the third-order nonlinear susceptibility 
of silica χ(3)s = 2 × 10−22m2/

V2 [56].
In general, this model directly compares the maximum amplitudes of 

the light intensities of the third harmonic of the medium to be studied 
with those of the reference material which is a sheet of fused silica SiO2 
of 1 mm thickness.

This equation is valid only in the case where the absorption of the 
material is low. In the opposite case, where the absorption becomes 
important, the relationship (8) is corrected by taking into account the 
magnitude related to the absorption. 

χ(3) = χ(3)
s

(
2
π

)
ls,c

⎛

⎜⎜⎝
α /2

1 − exp
(
−αl /2

)

⎞

⎟⎟⎠

(
I3ω

I3ω
s

)1 /2
(10) 

Where α refers to the linear absorption coefficient of the material at the 
fundamental wavelength.

4. Results and discussion

4.1. Morphological properties

Fig. 4 illustrates the 3D images (20 μm× 20 μm), profiles and 
roughness of the different samples. The roughness parameters, specif-
ically RMS Roughness (Sq) and Mean Roughness (Sa), were obtained for 
different doping concentrations and are presented in Table 1.

The evaluation of the results indicates that the morphological 
properties of the samples have been influenced by doping. As shown in 
Table 1, the sample of pure DCM provided the largest roughness with a 
value of Sq = 81.67 nm. Whereas the sample with 5 % DCM represents 
the lowest Sq = 12,91 nm. The roughness of the other elements varies in 
an inversely proportional way to the variations of the percentages of 
DCM molecules in the films. The 3 D images of the samples demonstrate 
that the surfaces are inhomogeneous, and are characterized by the 
presence of islands of various dimensions depending on the sample.

To further validate the uniformity of the films, Fig. 5 depicting the 
surface roughness (Ra) with error bars provides a visual representation 
of the roughness variations across different samples. The error bars 
indicate the variability of roughness measurements, offering indirect 

Table 1 
RMS Roughness (Sq) and Mean Roughness (Sa) of the samples.

RMS Roughness (Sq) [nm] Mean Roughness (Sa)[nm]

Pure DCM 81,67 62,34
Pure Znq2 44,75 30,03
90 % DCM_10%Znq2 68 47
70%DCM_30%Znq2 58,29 46,26
50%DCM_50%Znq2 55,51 37,69
20%DCM_80%Znq2 54,6 37,58
10%DCM_90Znq2 26 16,63
5%DCM_95%Znq2 12,91 7,64

Fig. 5. AFM mean surface roughness (Ra), with standard deviation error bar, of 
different compositions of DCM co-doped Znq2 films.

Fig. 6. UV–Vis absorption spectra of studied thin films.
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Fig. 7. Second harmonic intensity of DCM pure, Znq2 pure, 10%DCM_90%Znq2, 50%DCM_50%Znq2, 90%DCM_10Znq2 thin films and quartz as a function of the 
incident angle polarization P. 
*DCM Pure: Second harmonic intensity for pure DCM thin films. 
*Znq2 Pure: Second harmonic intensity for pure Znq2 thin films. 
*10 % DCM - 90 % Znq2: Intensity for a composite film with 10 % DCM and 90 % Znq2. 
*50 % DCM - 50 % Znq2: Intensity for an equal mixture of DCM and Znq2. 
*90 % DCM - 10 % Znq2: Intensity for a composite film with 90 % DCM and 10 % Znq2. 
*Quartz: Baseline second harmonic intensity for quartz.

Fig. 8. Second harmonic intensity of DCM pure, Znq2 pure, 10%DCM_90%Znq2, 50%DCM_50%Znq2, and 90%DCM_10Znq2 thin films as a function of the incident 
angle polarization S.
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evidence of the uniformity of the samples. Notably, samples with higher 
Znq2 content (and thus lower DCM content) not only exhibit lower 
roughness but also smaller error bars, suggesting improved uniformity, 
similar results were found by Ref. [57].

4.2. Linear optical measurements

The following illustration (Fig. 6) shows the absorption spectrum of 
thin films of pure DCM, pure Znq2, and the samples with different 
compositions of Znq2 and DCM with a thickness of 100 nm. The mea-
surement was performed in the spectral range 190–1100 nm at normal 
incidence and room temperature. The sharp absorption peaks are 
centered around 510 nm for pure DCM, 467 nm for the other composi-
tions, and 380 nm for pure Znq2, respectively, which may be noticed in 
the absorption spectrum.

The bands could be attributed to the combination of the π→π* 
intraligand transition and ligand-metal charge transfer (LMCT). The 
analysis of the absorption spectra that the absorption band for the 
different compositions depends on the proportion of Znq2 present in the 
structure and that the composition does not absorb at wavelengths of 
1064 nm, which were used to study the second and third-order non- 
linear optical properties (SHG and THG response). It is also noticed that 
the absorption for the wavelength corresponding to the generation of the 
second (532 nm) and third (355 nm) harmonics is several times lower in 
the case of DCM and Znq2 composites compared to pure DCM. This 
makes the process of higher harmonics generation more effective even in 
the case of small amounts of Znq2.

4.3. Nonlinear optical measurements

4.3.1. SHG measurement
The second harmonic generation measurements of the studied sam-

ples were performed after the corona polarization technique. Figs. 7 and 
8 illustrate the second harmonic intensity of the different samples as a 
function of polarization with incidence angles P and S. All measure-
ments were performed directly after the corona polarization. The results 
presented by the figures have been obtained after the use of a filter to 
eliminate signal saturation.

The second-order nonlinear optical susceptibilities (SHG) were 
calculated from Lee’s model. No SHG response was observed from the 
pure Znq2 thin film, on the contrary, the other samples had a significant 
response, and a notable difference was found between the χ (2) values as 
a function of the percentage of Znq2 in the structure.

Table 2 represents the thickness of the studied samples, their ab-
sorption coefficients, and their third-order susceptibilities.

It can be observed that the values of the P-polarizations are more 
significant than those of the S-polarization. It is also noted that co- 
doping has influenced the measurements. Whereby increasing the per-
centage of Znq2 in the structure decreases the effect of the nonlinearity 
for the samples, and the largest value is that of the pure DCM sample. As 
illustrated in Fig. 9, the second-order nonlinear susceptibility of the 
samples depends linearly on the percentage of DCM inside the thin film. 
Therefore, the main responsible element for the nonlinear effect is the 
DCM molecule.

4.3.2. THG measurements
There are different models used to determine third-order nonlinear 

susceptibility. The Kubodera-Kobayashi is suitable for determining the 
third harmonic generation results for our studied samples [58,59]. Using 
this model, we calculated the third-order nonlinear susceptibility pre-
sented in Table 3.

Fig. 10 represents the third harmonic intensity of pure DCM, pure 
Znq2, 10%DCM_90%Znq2, 50%DCM_50%Znq2, 90%DCM_10Znq2 thin 
films, glass, and silica as a function of the incident angle. The mea-
surements were calculated for P and S polarization, the found results 
have equal value and are not dependent on the type of polarization.

As in the case of SHG measurements, THG measurements were also 
influenced by doping. Znq2 thin film showed a typical response of 
quinoline materials such as Cuq2, Mgq2, and Alq3 which have been 
previously reported in Ref. [22]. In this study, the non-linear response of 
Znq2 is higher than in other published research. This can be attributed to 
certain reasons: The thickness of the thin films, the absorbance at 355 
nm, the nature of the ligand-metal charge transfer, the electronegativity 
of the metal, and the shape of the orbitals, which are all important 
characteristics of this response, moreover, the non-linear optical 
response of Znq2 is a result of the ligand-metal charge transfer (LMCT) 
[60,61]. While the DCM dye sample represented a very large third-order 
nonlinear response. This response can be attributed to the charge 
transfer inside the molecule [62,63].

For the other samples, the values of the third-order nonlinear optical 

Table 2 
The values of the second-order nonlinear optical susceptibility χ(2) of thin films 
obtained from the second harmonic generation (THG) technique.

d[nm] α
[
103cm−1] χ(2)pm.V−1

P S

DCM 100 521.86 13.48 0
Znq2 100 47.41 0 0
5 % DCM_95%Znq2 100 30.09 3.05 1.07
10%DCM_90%Znq2 100 49.02 3.38 1.32
20%DCM_80%Znq2 100 41.18 4.2 2.34
50%DCM_50%Znq2 100 84.86 6.30 3.19
70%DCM_30%Znq2 100 124.67 7.5 4.2
90%DCM_10%Znq2 100 149.3 10.34 6.07

Fig. 9. The values of the second-order nonlinear optical susceptibility χ(2) of 
thin films as a function of the percentages of DCM in the thin films polarization 
P and S.

Table 3 
The values of the third-order nonlinear optical susceptibility χ (3) of thin films 
obtained from the third harmonic generation (THG) technique for P 
polarization.

d[nm] α
[
103cm−1] χ(3).10−22m2.V−2

DCM 100 568.30 523
Znq2 100 47.38 78.06
5 % DCM_95%Znq2 100 53.05 106
10%DCM_90%Znq2 100 67.27 111
20%DCM_80%Znq2 100 58.83 122
50%DCM_50%Znq2 100 76.94 184
70%DCM_30%Znq2 100 103.49 212
90%DCM_10%Znq2 100 109.50 250
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susceptibility χ(3) of the thin films varied approximately linearly as a 
function of the concentrations of DCM in the thin films polarized P, as 
shown in Fig. 11. Samples that contain a large percentage of DCM have 
high responses as a result of the dominance of the non-linearity of DCM 
in the sample.

5. Conclusions

In this work, the nonlinear optical properties and the morphological 
properties of thin films of the red dye DCM co-deposited with an organic 
semiconductor zinc complex (Znq2) have been studied. The atomic force 
microscopy technique demonstrates a rough texture that is character-
ized by islands that vary in size and number. The samples were prepared 
with different compositions using the physical vapor deposition tech-
nique under a high vacuum. The second harmonic generation (SHG) and 
third harmonic generation (THG) of the samples were studied using 
Maker’s fringe techniques. The second-order nonlinear susceptibilities 
of the different samples have been determined after the corona polari-
zation techniques. The variation of the non-linearity of the samples was 
also discussed. The pure DCM sample exhibited the most significant non- 
linear optical response, on the other hand, the pure Znq2 thin film has no 
second harmonic response and its third harmonic response was smaller 
in comparison to the pure DCM sample. The signal of SHG and THG 
parameters of Znq2 were influenced by the doping of with DCM, with a 
percentage of 5 % we could increase the third order response of pure 
Znq2 samples from 78 m2.V−2 to 106 m2.V−2 and the second order 
response from 0 pm.V−1 to 3.05 pm.V−1 for P polarization and to 1.068 

pm.V−1 for S polarization. As a result, the doping of Znq2 by DCM has 
influenced the morphological properties and has improved the second 
and third-order nonlinear properties. The significant nonlinear optical 
response of the prepared samples suggests that these systems may prove 
to be important candidates for a variety of photonic and optoelectronic 
applications.
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Fig. 10. Third harmonic intensity of pure DCM, pure Znq2 pure, 10%DCM_90%Znq2, 50%DCM_50%Znq2, 90%DCM_10%Znq2 thin films, Silica and Glass as a 
function of the incident angle. 
*DCM Pure: Second harmonic intensity for pure DCM thin films. 
*Znq2 Pure: Second harmonic intensity for pure Znq2 thin films. 
*10 % DCM - 90 % Znq2: Intensity for a composite film with 10 % DCM and 90 % Znq2. 
*50 % DCM - 50 % Znq2: Intensity for an equal mixture of DCM and Znq2. 
*90 % DCM - 10 % Znq2: Intensity for a composite film with 90 % DCM and 10 % Znq2. 
*Quartz: Baseline second harmonic intensity for quartz ….

A. Laouid et al.                                                                                                                                                                                                                                  2SWLFDO�0DWHULDOV�������������������

��



                    PUBLICATIONS CONTRIBUTING TO THE DISSERTATION  

 75 

 
  

Data availability

Data will be made available on request.

Acknowledgments

This research has been financed from the funds of the Polish National 
Science Centre (grant no. 2017/25/B/ST7/02124). The films used in 

this paper were obtained using the Interdisciplinary Centre for Modern 
Technologies facilities, NCU, Torun, Poland. The research was carried 
out as part of the POLAND-FRANCE joint research projects POLONIUM 
NAWA (sygn. BPN/BFR/2021/1/00004) and IDUB project - emerging 
research fields: “Material Science and Technology”.

References

[1] L. Tong, J.-X. Cheng, Label-free imaging through nonlinear optical signals, Mater. 
Today 14 (2011) 264–273, https://doi.org/10.1016/S1369-7021(11)70141-9.

[2] R. Abazari, E. Yazdani, M. Nadafan, A.M. Kirillov, J. Gao, A.M.Z. Slawin, et al., 
Third-order nonlinear optical behavior of an amide-tricarboxylate zinc(II) 
metal–organic framework with two-fold 3D+3D interpenetration, Inorg. Chem. 60 
(2021) 9700–9708, https://doi.org/10.1021/acs.inorgchem.1c00997.

[3] R. Medishetty, K. Zaręba J, D. Mayer, M.A. Samoć, R. Fischer, Nonlinear optical 
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