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Abstract

In this work, a novel experimental investigation of photoluminescence properties of Znq, 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 Znq, to DCM which may have shifted the photoluminescence peak from Zngq, 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 Zng, and while
all the other samples showed two decay time components. As a result, the doping influences the optical properties of Znq,

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

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

Detectors

(Signal detector / Reference detector)

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
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Fig.3 AFM image, roughness and profile of DCM pure thin film (5 um X5 pm)

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 (Weishéaupl
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 (Znq,). Itis 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).
Znq, has shown in front of aluminum tris (8-hydroxyqui-
noline) (Alqs), 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).
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Fig.4 AFM image, roughness and profile of Znq, pure thin film (5 pm X5 pm)

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.

@ Springer

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 Znq, 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 Zngq,) 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.
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Fig.5 AFM image, roughness and profile of 90%DCM-10%Znq, thin film (5 um X5 um)

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% 107 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
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Fig.6 AFM image, roughness and profile of 70%DCM-30%Znq, thin film (5 um X5 pm)

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 Znq, thin films deposited
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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
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Fig.7 AFM image, roughness and profile of 50%DCM-50%Znq, thin film (5 pm x5 pm)

photoluminescence measurements were made inside a
vacuum chamber under vacuum 107> 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 pm) surface with microscopic grains
as shown in the film profile, while the sample of the
pure Znq, 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%Znq,, 70%DCM-30%Znq,, and
50%DCM-50%Znq, showed a flat surface with average
roughness values respectively 12.9 nm, 9 nm, and 10 nm,
while the samples of 20%DCM-80%Znq,, 10%DCM-
90%Znq,, and 5%DCM-95%Znq, showed a sponge sur-
face structure as in the case of pure Znq, with average
roughness values respectively 7 nm, 10 nm, and 12 nm.
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Fig.8 AFM image, roughness and profile of 20%DCM-80%Znq, thin film (5 um X5 pm)

Photoluminescence at room temperature

For all samples except Znq,, 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 Znq,, 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 Znq, samples co-doped with
DCM are shown in real images in Fig. 11.

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

@ Springer

The pure Znq, 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%Znq,
sample. For the other samples, the intensity of photolu-
minescence is diminished compared to the pure Znq, thin
film as the percentage of Znq, increases in the structure.
For samples with a large percentage of Znq, (5%DCM-
95%Znq,, 10%DCM-20%Znq,, 20%DCM-80%Znq,),
their PL spectra were shifted to orange (41 nm + 5 nm)
relative to the pure Znq, 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%Znq,, 90%DCM-10%Znq,) their spectra
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Fig.9 AFM image, roughness and profile of 10%DCM-90%Znq, thin film (5 um x5 pm)

were shifted to red (with 116 nm), 50%DCM-50%Znq,
sample has taken the character of pure DCM.

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

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 Znq, 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 Znq,
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.
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Fig. 10 AFM image, roughness and profile of 5%DCM- 95%Znq, thin film (5 pm X5 pm)

1:DCM Pure 2:90%DCM-10%Znq2 3:70%DCM-30%2Znqg2 4:50%DCM-50%Znq2 5:20%DCM-80%2Znq2
6:10%DCM-90%Znq2 7:5%DCM-95%2Znq2 8:Znq2 Pure

Fig. 11 The actual fluorescence changes of the Znq, Co-doped DCM samples. (a) The samples exposed to ultraviolet light and (b) the samples
under normal conditions
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Table 1 Results of the Gaussian fitting for emission spectra for all the samples at room temperature. Xc in nm, height in CPS, and FWHM in nm

Fit peak 5

Fit peak 4

Fit peak 3

Fit peak 2

Fit peak 1

FWHM

Height

Height FWHM Xc

Xc

FWHM

Height

Xc

FWHM

Height

Xc

FWHM

Height

Xc

5396564.22015 96.8016 691.05649 1630946.77058 131.55236

640.03807

41.84463
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499

DCM

1,355355.86481

PURE
Znq2

119.84472
63.59839

3753124.97596

574.93722
4448217.32

597.76339
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4854684.81121
25.31

769666.101

545.69495
503.39739

2726313.05767 51.33698

1284663.27

514.42161

105.46354

5730050.93

632.86541

7.98128

489.24916

5%DCM

95%Znq2

646.85488  8508488.96 104.33478 -

61.17927

7.46383 504.92097 1224957.56 25.76946 604.85187  5429541.6

1386813.81

10%DCM  489.6478

90%Znq2

106.33999

600.77929  5216751.56 66.99464 644.94822  6303056.03

26.21

504.158687  603848.331

9.08331

1497170.35

20%DCM  489.18938

80%Znq2
50%DCM
50%Znq2

646.07893  4787492.93 84.72181 692.82098 1679683.08 122.71296

54.64879

1990662.14

606.92666

104.3869

695.92903 1800509.34

73.01478

648.48619  4892473.12

34.80091

582342.954

603.72772

70%DCM
30%Znq2
90%DCM
10%Znq2

38.55556 648.47274  4171336.11192 79.6351 687.07545 2114133.66569 117.65101

261047.13556

599.34227

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 Znq, film showed the presence of 4 peaks,
while pure DCM film showed six peaks. Pure Znq, 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
etal. 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 Znq, 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 Znq, 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 Znq,, 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%Znq,, 10%DCM-90%Znq,, and
20%DCM-80%Znq, samples showed a decrease in photo-
luminescence ranging from 77 to 175 k, then they increased
sharply 810° CPS, 5 10° CPS, and 4 10* 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%7Znq,, 600 nm for 10%DCM-90%Znq,, and
612 nm for 20%DCM-80%Znq,. 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

@ Springer

Amina IAOUR/ Nanostructures and thin films of metalorganic complexes and hybrid perovskites
for applications in optoelectronics and photovoltaics



PUBLICATIONS CONTRIBUTING TO THE DISSERTATION

81660

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

Intensity [arb.units]

® Znq2 Pure

— Fit Peak 1

o’ —— Fit Peak 2
Gs —— Fit Peak 3
‘. —— Fit Peak 4

Cumulative Fit Peak

Intensity [arb.units]

® 10%DCM90%Znq2
—Fit Peak 1
— Fit Peak 2
e Fit Peak 3
— Fit Peak 5
Cumulative Fit Peak

Intensity [arb.units]

500 550 600
Wavelength [nm]
® DCM Pure
—— Fit Peak 1
I (b) o ———Fit Peak 2 B

o ——Fit Peak 3
® &" Fit Peak 4
y e, —FitPeak 5

< 4 Cumulative Fit Peak

Intensity[arb.units]

(d)

® 90%DCM10%Znq2
s it P2k 1
s Fit Peak 2
e Fit Peak 3
Fit Peak 4
s Fit Peak 5
Fit Peak 6
=== Cumulative Fit Peak

Wavelength [nm]

350 400 450
Wavelength [nm]

T T
250 300

Intensity [arb.units]

® 50%DCM50%Zng2
——Fit Peak 1
~—— Fit Peak 2
—— Fit Peak 3
Fit Peak 4
———Fit Peak 5
<3 Cumulative Fit Peak

350 450

Wavelength [nm]

400

T —T 9
500 550 600

Fig. 15 Curves fitting for excitations spectra at room temperature of a Zng, pure, b DCM pure, ¢ 10%DCM90%Znq,, d 90%DCM10%Znq,, e

50%DCM50%Znq,
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Table 2 Results of the Gaussian fitting for excitations spectra for all the samples at room temperature: peak in nm, Eg in eV

Peak 2 E Peak 3 E Peak 4 E Peak 5 E Peak 6 E

E

Peak 1

2.25

550

243

509

3.03
29

2.95
3.06
2.96
3.03
2.88
3.03

408
427
420
405
418
409
430
409

3.38
3.16
3.34
3.36
3.36
3.36
3.36
3.35

366
392
371
369
369
369

3.8
35
38
35
39
38
39
38

319
356
319
316
330
322
315
318

4.6
4.59
4.6
4.6
4.6

269
270
269
269

DCM pure

Zng?2 pure

2.27
2.26
2.31
2.36
2.36
2.36

545
548
535
525
525
525

2.53
2.54
2.6
2.7

490
487
476
456
470
465

90%DCM10%Zng,

70%DCM30%Znqg,

269
270
269
270

50%DCM50%Zng,

4.59
4.6

20%DCM80%Zngq,

2.63
2.66

370
369

10%DCM90%Znq,
5%DCM95%Zng,

4.59

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 Znq, 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:

Y=Aev +Ayen (1

where A, and A, are constants, # is pulse time, and 7; and 7,
are decay values.

All samples showed two decay time components one
short and one long. The Znq, film showed a longer exci-
ton lifetime than the other samples 7,4,,, = 3.47 ns and
Tozmgz = 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 Znq, as
is presented in Fig. 18. The obtained values of the slow-
est decay components for the other samples are 7; = 0.09
ns, while the values obtained of the highest decay com-
ponent are 7, = 2.27 ns. The average sample lifetime was
also calculated r,, = 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
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Fig. 16 Photoluminescence emission spectra at different temperatures for a Znq, pure, b DCM pure, ¢ 90%DCM10%Znq,, d
10%DCM90%Znq,, e S0%DCM50%Znqg,

@ Springer

Amina IAOUR/ Nanostructures and thin films of metalorganic complexes and hybrid perovskites
for applications in optoelectronics and photovoltaics



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

o

PUBLICATIONS CONTRIBUTING TO THE DISSERTATION

81663

Table 3 Results of photoluminescence measurements at low temperatures

90%DCM-
10%Znq,

10%DCM-90%Znq, 20%DCM-80%Zng, 50%DCM-50%Znq, 70%DCM-30%Znq,

5%DCM-95%7Znq,

Znq, Pure

DCM pure

EW

PL

EW

PL

EW

PL

EW

PL

EW

PL

EW

PL

EW

PL

EW

PL

(CPS) (nm) (CPS) (nm) (CPS) (nm) (CPS) (nm) (CPS) (nm) (CPS) (nm) (CPS) (nm) (CPS)

(nm)

1.510°
1.5 10°
1410°
1.310°
1.2 10°
1410°
1.510°
1.5 10°
1.510°
1.6 10°

662
662
661
658

2.710°
2.710°
2.610°
2.610°
2.510°
2.710°
2.6 10°
2.610°
2410°
2.110°

659
659
659
657

110°
110°

648
647
645
644

8.5 10*
8.510*
8.2 10*
810*

602

6.5 10*
6.510*
6.4 10*
6.2 10*
6.4 10*

6.6 10*

613
613
613
613
613
613
613
613
613
613

810*

605
604
604
604

9.510°
910°

537
537

2210°
2210°
2.110°
1.910°
1.8 10°
1.8 10°
1.7 10°
1.510°
14 10°
1.410°

661
660
659

658

77

602
602
602

8.6 10*
8.910*
8.910%
9.5 10*

100
125

9.9 10*
9 10*

8.8 10°
8.4 10°
7.7 10°
7.6 10°
7.3 10°
710°

537
537

150

656

655
652
652
650
649
644

8.9 10*
9.8 10*
8.6 10*
8.2 10*
7.8 10*
7.510*

643
641

7.7 10*
1.110°
1.2 10°
1.310°
1.3 10°
8.910*

602
602
602
602
602
595

604
604
604
604
604
604

539
540
540
540
540
540

657
656
655
652
649
648

175
200
225
250
275
300

660
654
653
651

110°
110°
110°
110°
110°

640
639
638
630

6.6 10*
6.6 10*

6.2 10*
6.2 10*

6.6 10°

644

6.4 10°

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 Znq, 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 Znq,, 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 Znq, 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 Znq, to DCM due to the overlap between the PL emis-
sion of Znq, 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
Znq, 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. 18 Decay time curves for all the samples at the maximum of
luminescence wavelength at room temperatures of the measurements

Author contribution A. Laouid: writing—original draft; formal analy-
sis; experimental investigation; data curation.

A. Alaoui Belghiti: review and editing, formal analysis, supervision.

K. Wisniewski: review and editing, formal analysis, supervision.

A. Hajjaji: review and editing, formal analysis, supervision.

B. Sahraoui: methodology, visualization.

A. Zawadzka: experimental investigation, resources, methodology,
supervision, funding acquisition.

All authors read and approved the final manuscript.

Funding 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 Interdisciplinary Centre for
Modern Technologies facilities, NCU, Torun, Poland.

Availability of data and materials All data generated or analyzed during
this study are included in this published article.

Declarations

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abedi Z, Janghouri M, Mohajerani E et al (2014) Study of various
evaporation rates of the mixture of Alq3: DCM in a single fur-
nace crucible. J Lumin 147:9-14. https://doi.org/10.1016/j.jlumin.
2013.10.020

About H, El Faydy M, Benhiba F et al (2021) Experimental and empiri-
cal assessment of two new 8-hydroxyquinoline analogs as effec-
tive corrosion inhibitor for C22E steel in 1 M HCI. J Mol Liq
325:114644. https://doi.org/10.1016/j.molliq.2020.114644

Alam AU, Qin Y, Nambiar S et al (2018) Polymers and organic mate-
rials-based pH sensors for healthcare applications. Prog Mater
Sci 96:174-216. https://doi.org/10.1016/j.pmatsci.2018.03.008

Anoua R, Lifi H, Touhtouh S et al (2021) Optical and morpho-
logical properties of Curcuma longa dye for dye-sensitized
solar cells. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-14551-9

Chen Y, Wu L, Yao W et al (2022) A self-healing corrosion protection
coating with graphene oxide carrying 8-hydroxyquinoline doped
in layered double hydroxide on a micro-arc oxidation coating.
Corros Sci 194:109941. https://doi.org/10.1016/j.corsci.2021.
109941

Data P, Takeda Y (2019) Recent advancements in and the future of
organic emitters: TADF- and RTP-active multifunctional organic
materials. Chem Asian J 14:1613-1636. https://doi.org/10.1002/
asia.201801791

Fujii N, Ohmori Y, Yoshino K (1997) An organic infrared electrolumi-
nescent diode utilizing a phthalocyanine film. IEEE Trans Elec-
tron Devices 44:1204-1207. https://doi.org/10.1109/16.605454

Gilliland GD (1997) Photoluminescence spectroscopy of crystalline
semiconductors. Mater Sci Eng R Rep 18:99-399. https://doi.org/
10.1016/S0927-796X(97)80003-4

Gu Z-G, Zhang J (2019) Epitaxial growth and applications of oriented
metal-organic framework thin films. Coord Chem Rev 378:513—
532. https://doi.org/10.1016/j.ccr.2017.09.028

Hong G, Gan X, Leonhardt C et al (2021) A brief history of OLEDs—
emitter development and industry milestones. Adv Mater
33:2005630. https://doi.org/10.1002/adma.202005630

Kukhta NA, Bryce MR (2021) Dual emission in purely organic materi-
als for optoelectronic applications. Mater Horiz 8:33-55. https://
doi.org/10.1039/DOMHO1316A

Kulinich AV, Ishchenko AA, Bulavko GV, Davidenko NA (2018) Effect
of structure on the photovoltaic properties of merocyanine dyes in
polymer films. Theor Exp Chem 54:178-185. https://doi.org/10.
1007/s11237-018-9559-5

Kumar Kanaparthi R, Saha S, Singh M, Akhila M (2021) Photophysical
properties of 4-(dicyanomethylene)-2-methyl-6-(4-dimethylami-
nostyryl)-4 H -pyran (DCM) and optical sensing applications. In:
Photophysics, Photochemical and Substitution Reactions - Recent
Advances. https://doi.org/10.5772/intechopen.93149

Kutluay S (2021) Excellent adsorptive performance of novel mag-
netic nano-adsorbent functionalized with 8-hydroxyquinoline-
5-sulfonic acid for the removal of volatile organic compounds
(BTX) vapors. Fuel 287:119691. https://doi.org/10.1016/j.fuel.
2020.119691

Laouid A, Alaoui Belghiti A, Wisniewski K et al (2022) Structural and
optical properties of DCM thin films prepared by PVD. Mater
Today Proc. https://doi.org/10.1016/j.matpr.2022.03.244

Lee C-P, Li C-T, Ho K-C (2017) Use of organic materials in dye-
sensitized solar cells. Mater Today 20:267-283. https://doi.org/
10.1016/j.mattod.2017.01.012

Lee KJ, Lee YU, Fages F et al (2018) Blue-shifting intramolecular
charge transfer emission by nonlocal effect of hyperbolic meta-
materials. Nano Lett 18:1476-1482. https://doi.org/10.1021/acs.
nanolett.7b05276

@ Springer

Amina IAOUR/ Nanostructures and thin films of metalorganic complexes and hybrid perovskites
for applications in optoelectronics and photovoltaics



o

PUBLICATIONS CONTRIBUTING TO THE DISSERTATION

81666

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

Li Y, Wu F, Han M et al (2021) Merocyanine with hole-transporting
ability and efficient defect passivation effect for perovskite solar
cells. ACS Energy Lett 6:869-876. https://doi.org/10.1021/acsen
ergylett.1c00124

Li Y, Zhong X, Xu Y et al (2019) Green synthesis and characteriza-
tion of 8-hydroxyquinoline barium (BaQ2). Optik 180:151-158.
https://doi.org/10.1016/j.ijleo.2018.11.090

Liess A, Arjona-Esteban A, Kudzus A et al (2019) Ultranarrow band-
width organic photodiodes by exchange narrowing in merocy-
anine H- and J-aggregate excitonic systems. Adv Funct Mater
29:1805058. https://doi.org/10.1002/adfm.201805058

Lougdali M, Zazoui M, Abboud Y et al (2022) Linear and nonlinear
optical properties of manganese bis-(8- hydroxyquinoline) thin
films for optoelectronic devices: experimental and computational
studies. J Mol Struct 1249:131558. https://doi.org/10.1016/j.molst
ruc.2021.131558

Monzon LMA, Burke F, Coey JMD (2011) Optical, magnetic, electro-
chemical, and electrical properties of 8-hydroxyquinoline-based
complexes with Al3+, Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and
Zn2+. J Phys Chem C 115:9182-9192. https://doi.org/10.1021/
jp201019c¢

Noirbent G, Pigot C, Bui T-T et al (2021) Synthesis, optical and elec-
trochemical properties of a series of push-pull dyes based on the
2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile
(TCF) acceptor. Dyes Pigments 184:108807. https://doi.org/10.
1016/j.dyepig.2020.108807

Ou J, Xiang J, Liu J, Sun L (2019) Surface-supported metal-organic
framework thin-film-derived transparent CoS1.097 @N-doped
carbon film as an efficient counter electrode for bifacial dye-sen-
sitized solar cells. ACS Appl Mater Interfaces 11:14862—14870.
https://doi.org/10.1021/acsami.8b21626

Pan L, Han Q, Dong Z et al (2019) Reactively sputtered WO3 thin
films for the application in all thin film electrochromic devices.
Electrochim Acta 328:135107. https://doi.org/10.1016/j.electacta.
2019.135107

Painuly D, Singhal R, Kandwal P, Nagpure IM (2020) Structural, opti-
cal and decay properties of zinc(II) 8-hydroxyquinoline and its
thin film. J Electron Mater 49:6096—6106. https://doi.org/10.1007/
s11664-020-08255-y

Pigk M, Paczosa-Bator B, Smajdor J, Piech R (2018) Molecular organic
materials intermediate layers modified with carbon black in poten-
tiometric sensors for chloride determination. Electrochim Acta
283:1753-1762. https://doi.org/10.1016/j.electacta.2018.07.121

Popczyk A, Aamoum A, Migalska-Zalas A et al (2019) Selected orga-
nometallic compounds for third order nonlinear optical applica-
tion. Nanomaterials 9:254. https://doi.org/10.3390/nan09020254

Pozin SI, Lypenko DA, Perelygina OM et al (2021) Polymer composite
with J-aggregates of polymethine dye as a charge-transport layer
of organic light-emitting diode. Inorg Mater Appl Res 12:94-100.
https://doi.org/10.1134/S2075113321010354

Qin Y, ShiJ, Gong X et al (2016) A luminescent inorganic/organic
composite ultrathin film based on a 2D cascade FRET process and
its potential VOC selective sensing properties. Adv Funct Mater
26:6752-6759. https://doi.org/10.1002/adfm.201601087

Saadiah MA, Zhang D, Nagao Y et al (2019) Reducing crystallinity
on thin film based CMC/PVA hybrid polymer for application as
a host in polymer electrolytes. J Non-Cryst Solids 511:201-211.
https://doi.org/10.1016/j.jnoncrysol.2018.11.032

Saeed A, Alshahrie A, Salah N (2020) Fabrication of highly efficient
organic light-emitting diode based on dysprosium-incorporated
tris-(8-hydroxyquinoline)aluminum. J Mater Sci Mater Electron
31:22179-22189. https://doi.org/10.1007/s10854-020-04721-9

Saito N, Noda D, Shang Y et al (2021) Fluorescence and biological sta-
bilization of phosphorus-functionalized mesoporous silica nano-
spheres modified with a bis(8-hydroxyquinoline) zinc complex.
Mater Adv 2:6278-6282. https://doi.org/10.1039/D1MA00636C

@ Springer

Sasaki S, Drummen GPC, Konishi G (2016) Recent advances in twisted
intramolecular charge transfer (TICT) fluorescence and related
phenomena in materials chemistry. J Mater Chem C 4:2731-2743.
https://doi.org/10.1039/C5TC03933A

Schembri T, Kim JH, Liess A et al (2021) Semitransparent layers of
social self-sorting merocyanine dyes for ultranarrow bandwidth
organic photodiodes. Adv Opt Mater 9:2100213. https://doi.org/
10.1002/adom.202100213

Shahedi Z, Jafari MR, Zolanvari AA (2017) Synthesis of ZnQ2, CaQ?2,
and CdQ?2 for application in OLED: optical, thermal, and electri-
cal characterizations. J Mater Sci Mater Electron 28:7313-7319.
https://doi.org/10.1007/s10854-017-6417-5

Shahedi Z, Zare H, Sediqy A (2021) Manufacturing of nanoflow-
ers crystal of ZnQ2 by a co-precipitation process and their
morphology-dependent luminescence properties. J Mater
Sci Mater Electron 32:6843-6854. https://doi.org/10.1007/
$10854-021-05389-5

Shinde P, Pandharipande S, Thejokalyani N, Dhoble SJ (2018) Explo-
ration of photophysical properties of green light emitting bis(8-
hydroxyquinoline) zinc (Znq2) metal chelate under various envi-
ronments. Optik 162:151-160. https://doi.org/10.1016/j.ijleo.
2018.02.075

Wang C, Kim J, Malgras V et al (2019) Metal-organic frameworks and
their derived materials: emerging catalysts for a sulfate radicals-
based advanced oxidation process in water purification. Small
15:1900744. https://doi.org/10.1002/smll.201900744

Waszkowska K, Cheret Y, Zawadzka A, Korcala A, El-Ghayoury A,
Migalska-Zalas A, Sahraoui B (2020) Photoluminescence and
nonlinear optical properties of triple stranded helicates based met-
allo-supramolecular architectures. Dyes Pigments 186:109036.
https://doi.org/10.1016/j.dyepig.2020.109036

Weishéupl SJ, Mayer DC, Thyrhaug E et al (2021) A nitrophenyl-car-
bazole based push-pull linker as a building block for non-linear
optical active coordination polymers: a structural and photophysi-
cal study. Dyes Pigments 186:109012. https://doi.org/10.1016/j.
dyepig.2020.109012

Xie Z, Peng Y-P, Yu L et al (2020) Solar-inspired water purification
based on emerging 2D materials: status and challenges. Sol RRL
4:1900400. https://doi.org/10.1002/501r.201900400

Yu Y, McCluskey MD (2021) Classification of semiconductors using
photoluminescence spectroscopy and machine learning. Appl Spe
ctrosc:000370282110316.https://doi.org/10.1177/0003702821
1031618

Yu M-H, Liu X-T, Space B et al (2021) Metal-organic materials with
triazine-based ligands: from structures to properties and applica-
tions. Coord Chem Rev 427:213518. https://doi.org/10.1016/j.ccr.
2020.213518

Yuan H, Zhang H, Yuan X et al (2021) Effect of electron and hole
injection on spin polarization in bis-(8-hydroxyquinoline) zinc
molecule. J Supercond Nov Magn. https://doi.org/10.1007/
$10948-021-06077-5

Zawadzka A, Ptociennik P, Korcala A, Szroeder P (2019) Optical
properties of chiral single-walled carbon nanotubes thin films.
Opt Mater 96:109295. https://doi.org/10.1016/j.optmat.2019.
109295

Zawadzka A, Ptéciennik P, Strzelecki J (2014) Temperature-dependent
luminescence dynamics for ZnO thin films. Opt Quantum Electron
46:87-101. https://doi.org/10.1007/s11082-013-9709-x

Zhou N, Liu T, Wen B et al (2020) Recent advances in the construc-
tion of flexible sensors for biomedical applications. Biotechnol J
15:2000094. https://doi.org/10.1002/biot.202000094

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Amina IAOUR/ Nanostructures and thin films of metalorganic complexes and hybrid perovskites
for applications in optoelectronics and photovoltaics



PUBLICATIONS CONTRIBUTING TO THE DISSERTATION

Optical Materials 157 (2024) 116045

Contents lists available at ScienceDirect

Optical Materials

ELSEVIER

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

Research Article A

Check for
updates

Control of second-and third-order nonlinear optical properties of DCM and
Znqy composites fabricated by the physical vapor co-deposition process

a,b,c,* a,c

Amina Laouid , Houda El karout “**, Amine Alaoui Belghiti b Krzysztof Wisniewski “°,
Przemystaw Plociennik ¢, Youssef El kouari’, Bouchta Sahraoui ¢, Abdelowahed Hajjaji ",
Anna Zawadzka *¢

& Institute of Physics, Faculty of Physics, Astronomy, and Informatics, Nicolaus Copernicus University in Torun, Grudziadzka 5, PL 87-100 Torun, Poland

b Chouaib Doukkali University of El Jadida, National School of Applied Sciences, Engineering Science for Energy Lab, El Jadida, Morocco

¢ Centrer for Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Torun, Wilenska 4, PL 87-100, Torun, Poland

4 Univ Angers, LPHIA, SFR MATRIX, F-49000, Angers, France

€ Univ Angers, CNRS, MOLTECH-ANJOU, SFR MATRIX, F-49000, Angers, France

f Laboratory of Materials, Energy and Systems Control, Faculty of Sciences and Technology, Hassan II University of Casablanca, B.P 146, Mohammedia, Morocco

8 Institute of Engineering and Technology, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, PL 87-100, Torun, Poland

ARTICLE INFO ABSTRACT
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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 (Zngy) thin
films with different concentrations were investigated. The samples have a thickness of 100 nm. They were
Third harmonic generation (THG) prepared L}sing the phy.sical vapor.deposition (PVD) method under a high vacuum..Th.e moghological prqperties
Second harmonic generation (SHG) were studied by atomic force microscopy. The second-order nonlinear susceptibility x*~ after applying the
DCM corona poling technique was estimated using the comparative model of Lee, while the third-order nonlinear
Zng, susceptibility x(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
Znqy 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 Znq,. 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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Fig. 1. Physical vapor co-deposition (PVD) apparatus: DP, diffusion pump; RP,
rotary vacuum pump; V1,V,,V3 and V, valves.

necessary for the development of electro-optical devices and all-optical
data processing systems. Due to the electronic structure of materials
with conjugated n-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 (Znqy) 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]. Znqy 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
n-conjugated bridging group (D-m-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 n-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 Znqy 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.
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Fig. 2. Experimental set-up for SHG and THG measurements.

2. Experimental methods
2.1. Preparation of thin films

DCM and Znqy powders were purchased from Sigma-Aldrich and
used as is without any further purification. Pure and DCM-doped Znqy
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 *107° 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 Znqy
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,
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Fig. 3. Diagram of the experimental set-up used for corona poling.

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 t;)
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 (t; to t3) 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 =goyVE (@D)]

The term yV) 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].

2 3
?:SO()(“)F—&-)((Z)E +¥F ) )
- = —
P=P;+ Py 3

By eofVE : Linear polarizati
1=¢€o) : Linear polarization

PO L OF .. i izati
A=) -+ E ....:Non-linear polarization

The terms y® and y©® are the nonlinear susceptibilities of order two
and three, respectively.

2

The second term )(<2)f 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 ;((3)f3 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 @,
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 y® 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:

Iy = Iy (6)sin® y “@
n L
Y=210) )

y represents the interference factor between the free and bound
waves, and Lc the coherence length depending on the angles 6, and 65, .
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
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Fig. 4. 3D AFM image and profile of: (a)Pure DCM, (b) Pure Znq,,(c)90%DCM_10%Znq,(d) 70%DCM_30%Znqs,(e) 50%DCM_50%Znqs,(f) 20%DCM_80%Znq,(g)

10%DCM_90%Znq,(h) 5%DCM_95%Znq,.

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 I 4:

£ 2Ly [ ©
@ 20
W o d\E
¥ and y?) are respectively the second-order nonlinear electrical
susceptibilities of the material under study and the quartz. I>* and Iﬁ‘”
respectively represent the maximum envelope intensities of the second
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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 Znqy 44,75 30,03
90 % DCM_10%Znq, 68 47
70%DCM_30%Znq, 58,29 46,26
50%DCM_50%Znq, 55,51 37,69
20%DCM_80%Znq, 54,6 37,58
10%DCM_90Znq, 26 16,63
5%DCM_95%Znq> 12,91 7,64

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
r® =1 p.m./V) [53,54].

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

j’ﬂ}
o 4(ng(20) — Ng(w)) @

Ao is the wavelength of the fundamental beam (4, = 1064 nm), ng,)
and ng(,,) are the refractive indices of quartz at the wavelength of the
beams, respectively, fundamental and second harmonic generated ny,
= 1534 at 1064 nm and ny,,) = 1547 at 532 nm).

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

To measure the third-order nonlinear susceptibility y(® 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:

1/2

2 ls.c ISru
- () ) -

Ao
6 (Ng30) — Ngw))

ls.c = (9)

2 represents the nonlinear susceptibilities of order three of silica,
I3 is the maximum intensity of the envelope of the third harmonic signal
of the studied material, I>* is the maximum intensity of the envelope of
the third harmonic signal of silica, L, represents the silica coherence
length and [ the thickness of the sample.

At a wavelength of 1064 nm, the third-order nonlinear susceptibility
of silica y® = 2 x 10~22m? /2 [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 SiO5
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.

1/2
2 a2 B
Z(3> :/Y?) <;> L — (ﬁ) (10)
1

—exp (—al/z) s

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

Optical Materials 157 (2024) 116045

70 grrerreer [T oo Jrere prerey JreTrerer IO rereoen preeeoen ]

(=2}
(=]
1
1

93
(=}
1
1

N
o
1
1

[%%)
(=]
1
I
t
1

Surface roughness (Ra) (nm)
S
k L
1

(=]
1

0 T T T T T T T T
Pure SDCM_ 10DCM_ 20DCM_ 50DCM_ 70DCM_ 90DCM_  Pure
7nq2 957nq2  907Znq2 80Znq2 507nq2 307Znq2 10Znq2 DCM

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

355 nm 532 nm

| 5% DCM_95% Znq,
| 10% DCM_90% Znq,
| o 20% DCM_80% Zng,
i 50% DCM_50% Znq,
o 70% DCM_30% Zing,
: —90% DCM_10% Znq,
s Pure Znq,
s Pure DCM

Absorbance
138
[=]

L L L
300 400 500 600 700 800 900 1000 1100

Wavelength [nm]

Fig. 6. UV-Vis absorption spectra of studied thin films.
4. Results and discussion
4.1. Morphological properties

Fig. 4 illustrates the 3D images (20 umx 20 um), 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
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Table 2
The values of the second-order nonlinear optical susceptibility x(2) of thin films
obtained from the second harmonic generation (THG) technique.

d[nm] a[10%cm™1] 7Ppm.v-1
P S
DCM 100 521.86 13.48 0
Znqy 100 47.41 0 0
5 % DCM_95%Znq> 100 30.09 3.05 1.07
10%DCM_90%Znq> 100 49.02 3.38 1.32
20%DCM_80%Znqsy 100 41.18 4.2 2.34
50%DCM_50%Znq2 100 84.86 6.30 3.19
70%DCM_30%Znq> 100 124.67 7.5 4.2
90%DCM_10%Znq> 100 149.3 10.34 6.07
12 mp
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Fig. 9. The values of the second-order nonlinear optical susceptibility x(2) of
thin films as a function of the percentages of DCM in the thin films polarization
P and S.

evidence of the uniformity of the samples. Notably, samples with higher
Znqy 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 Znq and the samples with different
compositions of Znqy 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 Znqy, respectively, which may be noticed in
the absorption spectrum.

The bands could be attributed to the combination of the n—x*
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 Znqy 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 Znqa composites compared to pure DCM. This
makes the process of higher harmonics generation more effective even in
the case of small amounts of Znqs.

Optical Materials 157 (2024) 116045

Table 3

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

d[nm] a[10%cm™] 7®.1072m? v-2
DCM 100 568.30 523
Znq, 100 47.38 78.06
5 % DCM_95%Znq> 100 53.05 106
10%DCM_90%Znq> 100 67.27 111
20%DCM_80%Znqs, 100 58.83 122
50%DCM_50%Znqs 100 76.94 184
70%DCM_30%Znqs, 100 103.49 212
90%DCM_10%Znqs, 100 109.50 250

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 Znqs thin film, on the contrary, the other samples had a significant
response, and a notable difference was found between the y ® values as
a function of the percentage of Znqy 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 Znqs 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
Znqy, 10%DCM_90%Znqy, 50%DCM_50%Zngs, 90%DCM_10Znq, 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. Znqs thin film showed a typical response of
quinoline materials such as Cuqs, Mgqy, and Alqs which have been
previously reported in Ref. [22]. In this study, the non-linear response of
Znqy 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 Znqy 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
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Fig. 10. Third harmonic intensity of pure DCM, pure Znq, pure, 10%DCM_90%Znq,, 50%DCM_50%Znq,, 90%DCM_10%Znq, thin films, Silica and Glass as a

function of the incident angle.
*DCM Pure: Second harmonic intensity for pure DCM thin films.
*Znqs Pure: Second harmonic intensity for pure Znq, thin films.

*10 % DCM - 90 % Znqa: Intensity for a composite film with 10 % DCM and 90 % Znqs.

*50 % DCM - 50 % Znqy: Intensity for an equal mixture of DCM and Znqa.

*90 % DCM - 10 % Znqy: Intensity for a composite film with 90 % DCM and 10 % Znqa.

*Quartz: Baseline second harmonic intensity for quartz ....

susceptibility X(S) 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 (Znqy) 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 Znqy 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 Znqy were influenced by the doping of with DCM, with a
percentage of 5 % we could increase the third order response of pure
Znq» samples from 78 m?.V~2 to 106 m2.V~2 and the second order
response from 0 pm.V~! to 3.05 pm.V~! for P polarization and to 1.068

pm.V~! for S polarization. As a result, the doping of Znqy 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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