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Investigation of optical properties
inLa,_ Sr CoO, (x=_0.5, 0.7,0.9,
1.1, 1.3, and 1.5) thin films: a
focus on the linear and nonlinear
responses

Ali Reza Khalili*t, Ammar S. Alattar?3, Tahereh Ghorbani-Moghadam*“** & Marzieh Nadafan"*

This study investigates the linear and nonlinear optical properties of La,Sr.CoO, (x=0.5, 0.7, 0.9,
1.1, 1.3, 1.5) thin films, prepared via electron beam evaporation. Structural and morphological
characterizations were performed using X-ray diffraction (XRD) and field-emission scanning electron
microscopy (FE-SEM), confirming a layered perovskite structure. UV-Vis spectroscopy revealed a
decrease in optical band gap from 3.25 eV (x=0.5) to 2.25 eV (x=0.9), followed by irregular variations
for x>0.9. Nonlinear optical properties, assessed via Z-scan, showed peak nonlinear absorption
(14.57 x 1075 cm/W) and refractive index (9.32 x 105 cm?/W) at x=0.9, attributed to enhanced Co3?*
populations. These properties make La,SriCoO, thin films promising for photonic devices, such as
optical switches and modulators, offering advantages over nanoparticles due to improved crystallinity
and tunable optical responses. This work advances the understanding of Sr doping effects on
Ruddlesden-Popper perovskites for optoelectronic applications.
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Nonlinear optical (NLO) materials are essential for advancing modern optoelectronic and photonic
technologies, enabling applications such as optical switches, frequency converters, optical limiters, and high-
speed telecommunications devices. These materials exhibit complex interactions with intense light, allowing
manipulation of optical signals through phenomena like second-harmonic generation (SHG), two-photon
absorption (TPA), and nonlinear refraction®. Among the diverse classes of NLO materials, Ruddlesden-Popper
(R-P) perovskites, with their layered structure of general formula A+, ByXsn+1, have attracted significant attention
due to their tunable electronic, optical, and magnetic properties, which arise from the interplay of perovskite
and rock-salt layers®®. These properties make them ideal candidates for optical devices such as modulators,
and frequency converters. The tunable bandgap and high absorption coeflicient of these perovskite materials
further enhance their potential for use in nonlinear optical applications™°. Additionally, their low cost and ease
of fabrication enhance their commercial viability in the field of nonlinear optics.

Moreover, the reduced dimensionality in these materials can significantly increase their nonlinear optical
properties. This enhancement can be attributed to the confinement of charge carriers within the low-dimensional
structures, leading to increased optical nonlinearities.

Overall, the investigation of two-dimensional R-P halide perovskites and other perovskite oxide materials
as nonlinear optical materials reveals the promising potential for optical applications. The distinctive properties
of these materials, including their direct band gap, excitonic effects, and two-photon absorption, make them
attractive candidates for various nonlinear optical applications. Further research and development in this field
could facilitate advancements in nonlinear optical devices and technologies. La,SrxCoOy, a prototypical R-P
perovskite, is particularly promising due to its tunable band gaps, insulator-to-metal transitions, and significant
NLO responses driven by Sr doping and Co spin-state transitions®=®.
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Previous research on La,~SrxCoO, has predominantly focused on nanoparticles, which have demonstrated
tunable optical band gaps (e.g., 4.25 eV to 3.65 eV for x=0.5 to 0.9) and enhanced NLO properties, attributed
to strong hybridization between Co-3d and O-2p orbitals and Co*" spin-state transitions from low-spin (LS) to
intermediate-spin (IS) states!?. However, nanoparticle-based systems face challenges, including aggregation,
surface defects, and limited stoichiometric control, which restrict their performance in practical optoelectronic
devices”!!. For instance, studies have shown that nanoparticle aggregation can lead to inconsistent optical
properties, while high processing temperatures in conventional synthesis methods, such as solid-state or
standard sol-gel techniques, often result in inhomogeneity and phase impurities'>!3. In contrast, thin films offer
superior crystallinity, uniformity, and compatibility with device fabrication, making them ideal for applications
requiring precise optical and structural control'.

The development of high-quality thin films is critical to overcoming these limitations and unlocking the
full potential of R-P perovskites. Recent studies on related perovskite materials, such as halide perovskites and
oxide-based R-P phases, have highlighted their promise in solar cells, photodetectors, and photocatalysis, driven
by high absorption coefficients and tunable band gaps™!'>16. However, the nonlinear optical properties of La,-
S1Co0; thin films remain underexplored, despite their potential to outperform nanoparticles due to reduced
surface defects and enhanced structural order!’. The electron beam evaporation technique, which enables
precise control over film thickness and stoichiometry, represents a significant advancement over traditional
methods, offering homogeneous films with improved optical properties at lower processing temperatures'>18,

In this research, optical and structural properties of La,~Sr.CoO, (x=0.5, 0.7, 0.9, 1.1, 1.3, 1.5) thin films
are characterized using XRD, UV-Vis spectroscopy, Z-scan, FE-SEM, AFM, and EDS analyses. Unlike previous
studies focusing on La,~SrxCoO4 nanoparticles"’“, this work investigates thin films prepared via electron beam
evaporation, offering improved crystallinity, controlled stoichiometry, and enhanced optical properties due to
the modified sol-gel synthesis and deposition method. This study provides a systematic analysis of Sr doping
effects on linear and nonlinear optical responses, revealing optimal performance at x=0.9, which is critical
for applications in photonic devices such as optical switches and modulators. By addressing the limitations of
conventional synthesis methods (e.g., inhomogeneity and high processing temperatures), this work contributes
to the development of high-performance Ruddlesden-Popper perovskite thin films for optoelectronics.

Experimental procedure

Synthesis

La,~SrxCoO4 (where x=0.5, 0.7, 0.9, 1.1, 1.3, and 1.5) nanopowders were synthesized using a modified sol-
gel methods!2. High-purity nitrate precursors-La(NOs);-6 H,O (Sigma-Aldrich, 299.0%), Sr(NOs), (Sigma-
Aldrich, 299.0%), and Co(NOs),-6 H,O (Sigma-Aldrich, >98%)-were employed as starting materials. In
order to synthesize 1 gr La,~SrCoO, (x=0.5) nanopowders, 1.731 gr La(NO3)s-6 H,O, 0.282 gr Sr(NOs),, and
0.776 gr Co(NOs),-6 H,O were employed as starting materials. Also, 1.542, 1.343, 1.131, 0.907, and 0.660 gr of
La(NOs)s-6 H,O, 0.406, 0.537, 0.671, 0.823, and 0.982 gr of Sr(NO3),, and 0.797, 0.820, 0.845, 0.870, and 0.899
gr of Co(NO3),-6 H,O were used as precursors to synthesize La,~Sr.CoO, with x=0.7, 0.9, 1.1, 1.3, and 1.5,
respectively. The weighed nitrates were dissolved in a deionized water, under continuous magnetic stirring at
room temperature to ensure complete dissolution. Gelatin, as the polymerization agent, was separately dissolved
in deionized water and stirred at 60 °C for 30 min. Afterward, the ion contained solution was added to aqueos
solution of gelatin and heated to 80 °C in an oil bath, under vigorous stirring to evaporate excess water, leading
to the formation of a viscous resin. The resulted resin was then heated to 220 °C for 1 h, during which the resin
transformed into a black, porous powder. This step ensures the removal of residual water and the decomposition
of organic components. Finally, the black precursor powder was subsequently ground and then calcined at
900 °C for 4 h in air, with a heating rate of 4 °C/min.

Thin film preparation method

To prepare thin films using Electron beam evaporation which is a widely used technique for depositing thin
films onto substrates(glass). The electron beam evaporator was used to heat and vaporize the material using an
electron beam. A vacuum environment was required for the deposition process to prevent contamination and
oxidation. The chamber was evacuated to a high vacuum, typically in the range of 107° Torr. This prevented
contamination and oxidation during deposition. The pressure was maintained at the desired level throughout
the process.

The material to be deposited was placed in the evaporator’s crucible or source. Both the substrate and material
source were inserted into the vacuum chamber. Prior to deposition, the substrate (typically glass or silicon, here
glass) was carefully cleaned using a multi-step protocol. First, it was ultrasonically cleaned in acetone for 10 min,
followed by a similar treatment in isopropanol. The substrate was then rinsed thoroughly with deionized water
and dried using a nitrogen gas stream. This process ensured the removal of organic contaminants, grease, and
surface oxides. After cleaning, the substrate was mounted on a rotating substrate holder to promote uniform thin
film growth. The rotation speed was maintained at approximately 10 revolutions per minute (rpm), based on
standard practices reported previously's.

The electron beam was directed at the material in the crucible. The material was heated by the electron beam
until it vaporized. The material evaporated, and atoms or molecules traveled toward the cooler substrate. The
high energy of the electron beam caused the material to vaporize and condense on the substrate surface. The
evaporation rate was controlled by adjusting the electron beam power, typically ranging from 1.5 kW to 3 kW,
depending on the material being evaporated. In this method a flux of vapor was in a based pressure (107 bar)
without any catalyst. The current value for Las_xSrxCoQOy are 200 A, 150 A, 170 A, 190 A, 200 A, and 160 A
for x=0.5, 0.7, 0.9, 1.1, 1.3, and 1.5, respectively. The used power is 2, 1.5, 1.7, 1,9, 2, and 1.6 kW respectively.
The power was regulated using a 10 V accelerating potential applied to a heated filament. The deposition rate
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was monitored using a quartz crystal microbalance, and maintained between 1 and 3 A/s'®. After the film was
deposited, the substrate was cooled to room temperature, slowly. Rapid cooling was avoided to prevent film
stress, cracking, or poor adhesion which are briefly illustrated in Ref No. 1919,

Characterization methods

The synthesized thin films were characterized using an X-ray diffractometer with a certain device (XRD Philips
PW1730 with a copper lamp, voltage: 40 kV, Electric current: 30 mA, A=1.540598 A) located in Mahamax Co.
The morphological properties of thin films were characterized by a microscope (FE-SEM: TE-SCAN, MIRA3).
The UV-VIS of the synthesized thin films was acquired using a spectrophotometer, UV-VIS Thermo Biomate 5
using different wavelengths in the range of 100 nm until 1000 nm.

The analysis of nonlinearity: the Z-scan theory

Z-scan method has quickly become a widely accepted standard technique in the nonlinear optics community
for independently determining the nonlinear variations in both the refractive index and absorption'®. This
widespread acceptance is primarily due to the simplicity of the technique as well as the ease of data interpretation.
In most experiments, the refractive index changes (An) and the absorption coefficient changes (Aa) could be
directly determined by the data without needing computer fitting. However, it is important to acknowledge that
this method is sensitive to all nonlinear optical mechanisms that cause variations in the refractive index and/
or absorption coefficient, making it generally impossible to identify the specific underlying physical processes
present from a Z-scan alone. In the case of negative nonlinearity, the Z-scan signal exhibits a peak-valley at the
data transmittance®. On the other hand, positive nonlinearity is characterized by a valley-peak configuration in
the Z-scan graph.

The setup for Z-scan tests involved a CW Nd: YAG laser at 532 nm with 40 mW power. A positive lens
(f=19 cm) was used to focus the Gaussian beam, resulting in a beam waist of 36 pum at the focus and a
Rayleigh length of 9.4 mm. Las_xSrxCoOy thin film was moved across the focal region along the main axis
direction propagation of laser. This experimental setup allowed for the accurate nonlinearity characterization of
the Las_«SrxCoQy4 thin film.

Results and discussion

XRD characterization

XRD graphs of the Las_xsrxCoOy thin films are illustrated in Fig. 1. Accordingly, it has three main peaks in
the region of 10 degrees to 70 degrees. The diffraction peaks of the sample are given in Table 1. The main peaks
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Fig. 1. XRD patterns of the synthesized Laz_xsrxCoO4 thin film for various values of x, (a) x=0.5, (b)
x=0.7, (c) x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.
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Crystallinity | Lattice Mean size
La, Sr CoO, | Pos. [*2Th.] | index Parameters | FWHM [°2Th.] | [nm]
22 a=3.83A 0.35 23.13
x=0.5 38.84 0.550 c=1259A |[037 22.77
45.06 v=18535A% | 0.23 37.41
22.27 a=3.82A 0.51 15.88
x=0.7 38.29 0.526 c=1251A |022 40.06
45.12 v=183.07 A | 0.34 25.31
22.03 a=3814A 0.41 19.74
x=0.9 38.94 0.412 c=1249A |032 26.34
4491 v=181.56 A> | 0.18 47.77
22.88 a=3.80 A 0.39 20.79
x=1.1 38.81 0.618 c=1251A |0.29 29.05
45.55 v=180.99 A% | 0.33 26.12
22.13 a=3.80 A 0.19 42.62
x=13 38.88 0.499 c=1253A 021 40.13
45.08 v=181.21 A% | 0.26 33.09
21.52 a=3.80 A 0.26 3111
x=15 38.79 0.146 c=1248A 031 27.18
45.08 v=180.20 A | 0.42 20.48

Table 1. The diffraction peaks and particle size of La, Sr CoO, thin film.

were indexed and correspond to the (101), (004), (103), (110), (200), (211), (215), and (208) planes, confirming
the formation of a layered perovskite-like structure®.

The average particle size in lanthanum strontium cobalt oxide () with different x determined using the
Debye-Scherr relationship and XPert software, is presented in Table 1. The third column of this table specifically
details the particle sizes corresponding to different x values. The crystallinity index and mean crystallite size of
the La,~SrxCoO, samples were calculated from the XRD data using the Scherrer equation. As the Sr content
increased, variations in the crystallinity index and FWHM were observed, indicating changes in the structural
order. Generally, higher crystallinity indices were associated with sharper peaks and larger crystallite sizes.
These results suggest that Sr doping plays a key role in modifying the crystal structure and particle size of the
synthesized materials.

For the sample with a higher La content (x=0.5) in Laz_SrxCoOy4 (x=0.5-1.5) it is expected that the
predominant ionic species would be Co>*, while for x more than one, a large amount of Co ions will be present
as Co®t and Co**. It can be concluded that i increasing the concentration of Sr Jrdopmg in Las_xSryCoOy,
results in a decrease in the value of the ionic radius at the Co sites, that is a dominant factor contributing to
the reduction of unit cell parameters and volume. The detailed discussion of lattice parameter variations in
La .Sr«CoOs due to Sr doping has been provided in our previous publication®. Briefly, while the substitution of
larger Sr** ions (1.30 A) for La** (1.216 A) might suggest an expansion of the unit cell, experimental results show
a decrease in the lattice parameter a and unit cell volume with increasing Sr content. This trend is not solely
explained by ionic radii differences, but rather by the increase in the average oxidation state of Co ions (from Co**
to Co**/Co**), which reduces the average ionic radius at Co sites. Additionally, the non-linear variation in the ¢
parameter, particularly its increase for 0.9 <x<1.3, is attributed to Jahn-Teller distortions caused by the presence
of Co** ions in the intermediate spin (IS) state. At higher Sr levels (x=1.5), the rise in Co** (LS) population leads
to a contraction of the structure’. In related research, it can be observed that the lattice parameter a and the unit
cell volume of La, Sr CoO, decreased with the increase of Sr concentration. However, ¢ parameter showed a
nonlinear trend; 1t “decreased for x< 1 and increased for x> 1>13. This trend observed in this research just the ¢
parameter does not show any increasing or decreasing for x> 1.

XRD analysis of both La, Sr CoO, nanoparticles and thin films reveals that while both exhibit the same
crystalline phase, noticeable differences emerge in terms of peak width, intensity, and preferred orientation. The
broader diffraction peaks observed in the nanoparticle samples suggest smaller crystallite sizes and possibly
higher lattice strain. In contrast, the thin films typically display sharper peaks. Additionally, variations in peak
intensity ratios in the thin films may reflect internal stress or anisotropic grain alignment. These differences
underscore how the fabrication route not only affects the physical dimensions, but also significantly influences
the crystal order and structural integrity of the final material.

FE-SEM analysis

Figure 2 presents FE-SEM micrographs of thin films deposited at various doping concentrations of Sr** from
x=0.5 to x=1.5. As can be observed in Fig. 2, the particles with x=0.9 exhibits the largest size. In contrast
with previous research, an increase in the doping concentration of more than x=0.9 results in a reduction of
particle size. In previous research, it can be observed that there was no significant difference in the size and the
morphology between minimum (x=0.5) and maximum (x=1.5) doping concentrations of Sr**°. The average
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Fig. 2. FESEM images of synthesized Las_xsrxCoOy thin films for different values of x.

particle size was found below 100 nm in which confirmed by previous research’. Additionally, FE-SEM imaging
was conducted to assess the thin films thickness for various x values, as illustrated in Fig. 3.

As shown in Fig. 3, x=0.9 exhibits the largest film thickness; however, the largest particle (crystal) size is
observed for the sample with x=0.9, as confirmed by SEM analysis. The particle size and its distribution were
quantitatively analyzed using SEM images, and the data were fitted with Gaussian functions (Fig. 4). The results
are summarized in Table 2. Among all samples, the one with a doping level of 0.9 exhibits the largest average
particle size of 55.07 nm, along with the widest full width at half maximum (FWHM) of 14.36 nm. The larger
mean value indicates an increase in particle growth, while the broader FWHM suggests a more heterogeneous
distribution of particle sizes.

This behavior may be attributed to the influence of dopant concentration on nucleation and growth
mechanisms during the film formation process. Particularly, the sample with a 0.9 doping level demonstrates
significant deviation in both size and uniformity compared to the other compositions, implying that this specific
concentration strongly affects the microstructural evolution of the thin film.

UV-Vis spectra analysis
The most common techniques used to determine the optical band gap of materials are UV-Vis spectroscopy
and Diffuse Reflectance Spectroscopy (DRS). UV-Vis spectroscopy is a method that measures the absorption
of ultraviolet and visible light by a material, typically used for transparent or thin film samples. DRS (Diffuse
Reflectance Spectroscopy) is an analytical technique that measures the reflectance of a material as a function
of wavelength, particularly suitable for powders and opaque samples. Both methods are often used with the
Tauc plot approach to estimate the band gap energy. The UV-Vis spectra of Laz_,SrxCoOy are illustrated in
Fig. 5. These spectra provide insight into the samples” optical properties and electronic structures. According
to UV-Vis spectra, the absorption band broadens from the UV to visible region for x=0.5 to 1.3 and 1.5.
Also, the second peak absorption observe at 270 nm. The UV-Vis spectra of La,~SrxCoO, thin films (Fig. 5)
reveal sample-dependent absorption characteristics. Between 250 and 350 nm, a prominent absorption peak
at ~270 nm is observed, with intensity varying across doping levels. This peak is attributed to charge-transfer
transitions between O-2p and Co-3d orbitals, modulated by Sr-induced changes in Co oxidation states (Co™* to
Co*/Co*")°. The strongest absorption at x=0.9 correlates with the largest particle size (55.07 nm, Table 2) and
highest crystallinity (Table 1), suggesting enhanced orbital hybridization and reduced lattice strain, as confirmed
by XRD. For x> 0.9, the absorption intensity decreases, likely due to Jahn-Teller distortions associated with Co**
intermediate-spin states, which disrupt the electronic structure®.

From 400 to 600 nm, all samples exhibit increased absorption, likely due to d-d transitions of Co ions, which
are less sensitive to doping but influenced by film thickness (508-551 nm, Table 2). Thicker films (e.g., x=0.9,
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Fig. 3. SEM images related to the thickness of the samples for various values of x, (a) x=0.5, (b) x=0.7, (c)
x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.

551 nm) enhance light-matter interactions, increasing absorption. Particle size also plays a role, as larger particles
at x=0.9 reduce scattering losses, contributing to higher absorption. These trends align with prior studies on
Ruddlesden-Popper perovskites, where similar absorption bands were reported due to charge-transfer and d-d
transitions’. However, our thin films show stronger absorption than nanoparticles’, likely due to improved
crystallinity and reduced surface defects.

To determine the band gap energy of ( Laz_xSrxCoQOy4), UV-Vis spectral data were used to construct a
plot of (ahv)? versus h where « represents the linear absorption. The band gap energy was then obtained by
extrapolating the linear portion of this curve. This method is consistent with previous studies that have employed
similar techniques to analyze the optical properties of Ruddlesden-Popper phases®.

Figure 6 were indicated direct and indirect band gaps of Laz_xSrxCoOy thin films determined using
the Tauc relation®. Our calculations show no significant difference between the direct and indirect band gap
energies. According to Fig. 6, the direct band gap energy of La,SrxCoO, thin films decreases from 3.25 eV
(x=0.5) to 2.25 eV (x=0.9), then exhibits irregular variations (2.35 eV, 3.00 eV, and 2.50 eV for x=1.1, 1.3, and
1.5, respectively). This trend is attributed to enhanced Co-3d and O-2p orbital hybridization with increasing
Co®* populations up to x=0.9, which reduces the band gap by facilitating charge-transfer transitions’. For
x>0.9, Jahn-Teller distortions due to Co®" intermediate-spin states disrupt the electronic structure, leading to
irregular band gap changes'®>. XRD data (Table 1) confirm structural changes, with the highest crystallinity at
x=0.9 correlating with the lowest band gap.
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Fig. 4. Particle size distribution histogram (The average number of Particles=1170) of La, Sr CoO, (a)
x=0.5, (b) x=0.7, (¢) x=0.9, (d) x=1.1, (¢) x=1.3, and (f) x=1.5.

Laz_xsrxCoO4 | Thickness (nm)

0.5 537
0.7 519
0.9 551
1.1 546
1.3 519
1.5 508

AR

2.74
3.45
3.83

Mean size (nm)
37.66
43.47
55.07

FWHM (nm)
13.7

12.6

14.36

RMS(nm)

6.80
11.23
15.67

7.49
12.21

8.35

41.41
53.67
42.45

13.6 3.04

14.26
13.24

3.76
3.21

Table 2. Particle size distribution data, RMS, AR of KLa, Sr CoO, films prepared at different Sr doping.

Compared to nanoparticle studies’, which reported band gaps of 4.25 eV (x=0.5) to 3.65 eV (x=0.9), our thin
films exhibit lower values (by ~ 1 eV). This difference arises from improved crystallinity, reduced surface defects,
and stronger grain boundary interactions in thin films, as evidenced by sharper XRD peaks and SEM images
(Fig. 2). Both nanoparticles and thin films show the lowest band gap at x=0.9, indicating that this doping level
optimizes electronic structure regardless of morphology. However, thin films offer advantages for optoelectronic
applications due to their uniformity and tunable optical properties.

AFM characterization

Figure 7 illustrates two-dimensional (2D) AFM surface morphologies of Laz_xSrxCoOy thin films with
different Sr doping levels ranging from x=0.5 to x=1.5. As shown in Fig. 7, different doping of Sr influenced the
histogram topographic profiles of thin films. An increase in Sr doping resulted in a transition from a smooth to
a rough surface morphology characterized by larger grain sizes. As seen in the images, the surface morphology
evolves noticeably with increasing Sr content. For lower doping levels (e.g., x=0.5 and x=0.7), the grains appear
relatively uniform and well-defined.

Figure 8 illustrates the variation of root mean square (RMS) roughness and the average roughness (AR)
with different Sr doping levels in Laz_xSrxCoOy thin films. As the doping level increases, both RMS and AR
exhibit noticeable fluctuations. The RMS values show a peak at x=0.9, indicating increased surface roughness,
while the AR values remain relatively stable with a moderate upward trend. At x=0.9, the surface roughness
increases significantly, with larger and more irregular features—consistent with the RMS peak observed in the
bar chart. As the doping continues to increase to x=1.1, x=1.3, and x=1.5, the surface becomes slightly more
compact again, though with some persistence of the granular texture. These morphological changes suggest that
Sr doping has a strong impact on the growth dynamics and surface structure of the films. According to literature,
these variations suggest that doping significantly influences the surface morphology and anisotropy of the films’.
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Fig. 5. The UV-Vis spectra of Las_xSrxCoOy thin films.

EDS analysis

To confirm the elemental composition and verify the doping levels in Las_«SrxCoO4 samples, Energy
Dispersive X-ray Spectroscopy (EDS, Model: EDS SAMX Co. France) was performed on samples with various
Sr concentrations (x=0.5, 0.7, 0.9, 1.1, 1.3, and 1.5). The measured weight and atomic percentages of La, Sr, Co,
and O are summarized in Table 3. EDS analysis (Table 3) confirms the substitution of Sr for La, with increasing
Sr wt% and decreasing La wt% as x increases from 0.5 to 1.5, except at x=0.7 and x=0.9. At x=0.7, La wt%
is 31.84% and Sr wt% is 17.96%, while at x=0.9, La wt% is 33.38% and Sr wt% is 17.76%, deviating from the
expected trend of decreasing La with increasing Sr. This anomaly may result from variations in film thickness
(519 nm at x=0.7, 551 nm at x=0.9) or surface segregation during deposition, affecting EDS measurements.
For other doping levels, the expected trend is observed, confirming successful doping. These findings align with
prior studies'?, though thin films show slight stoichiometric variations due to the evaporation process.

The results indicate a clear trend, with increasing Sr content (higher x values), the atomic and weight
percentages of Sr increase, while those of La decrease correspondingly. This confirms the successful substitution
of Sr for La in the crystal structure. Minor variations in the oxygen and cobalt contents may be attributed to
structural adjustments or charge compensation mechanisms associated with Sr doping. Overall, the EDS data
supports the expected stoichiometry and confirms that the doping was effectively achieved. Figure 9 exhibits
EDS point chemical analysis spectra of the sample in which the chemical analysis confirms the stoichiometric
composition as La,_ Sr, CoO,.

Nonlinear optical analysis

The nonlinear optical (NLO) properties of Las_xSrxCoOy thin films were characterized by both open and
closed-aperture Z-scan measurements via the nonlinear absorption coefficient and the nonlinear refraction
coeflicient, respectively?!. By analyzing the Z-scan data, it was determined NLO properties of the Las_xSrxCoO4
films. The focused laser onto the thin films by a lens, causes the Z-scan data were collected by moving the thin
films along the Z-axis while monitoring the laser transmission through the specimen?2.

The nonlinear absorption (NLA) determined using the following Eq®.:

_ 22AT
6(cmW 1):[\0676” (1)

where L =[(1-exp(aL))/a] is the effective length of the sample. By fitting the experimental data to these
nonlinear absorption models, theoretical data by applying the following fitting equations verified experimental
NLA findings'” :

Toorm (2) =) =0 % @
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Fig. 6. The UV-Vis spectra of Laz_xSrxCoOy4 for various value of x, (a) x=0.5, (b) x=0.7, (¢) x=0.9, (d)
x=1.1, (e) x=1.3, and (f) x=1.5.

qo(z.t) = (BIoLew) / (1 + z2/z§>

€)

Figure 10. presents the Z-scan plots of Laz_xSrxCoQOy thin films. The observed nonlinear absorption (NLA) is
indicative of a TPA process. The symmetry of the curve around this focal point indicates that the TPA behavior
begins to dominate over the NLA mechanism in the Las_xSryCoOy thin film dispersions. Two-photon
absorption (TPA), which is the simultaneous absorption of two photons, responses of La,_ Sr CoO, thin films
increased with the enhancement of Sr concentration from x=0 until x=0.9. Figure 11 illustrates the variation
of normalized transmittance as a function of dopant content. The highest observed normalized transmittance is
14.57x 107° (cm W 1) for La, ,Sr,,Co0O, and decreases to 9.9x 107° (em W 1) for La, Sr, .CoO,.
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Fig. 7. AFM 2D topographic images of the Laz_,SrxCoOy thin films with various Sr doping. (a) x=0.5, (b)
x=0.7, (c) x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.
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Fig. 8. Plot RMS and AP of the Laz_xsrxCoQOy thin films with various Sr doping. (a) x=0.5, (b) x=0.7, (c)
x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.

The NLO characteristics of the Lag_xSrxCoOy films are tabulated in Table 4. The close aperture
involved placing an aperture to capture data that includes NLR and NLA contributions. The pure NLR for
the Laz_,SrxCoOy4 presented in Fig. 11. This curve is characterized by a valley in the transmittance profile,
indicative of a self-defocusing effect.

The localized absorption of the laser beam induces a spatially distributed temperature in the sample, leading
to a spatial variation in refractive index. This refractive index variation acts as a thermal lens, causing the beam
to defocus as it propagates through the sample. Consequently, the thermal nonlinearity effect leads to beam
defocusing and phase distortions, which can adversely impact the quality and accuracy of the laser beam. This
parameter depends on | A &y | as shown?:

ATe_v =0.406(1 — )% |A ¢ | “)
_ AgpgA 2wt
"= o To Legs (cm W ) ©

by the way, \ shows the laser wavelength and Io = 19.65x 10* W ¢m ™~ is the input intensity. The experimental
findings are in good agreement with the results reported by Sheikh Bahai. The following relation was used for
fitting the experimental values of CA%.

4zA ¢ z
Toorm =1 029 0+ where ¢ = . (6)
In this study, the maximum value of the estimated NLR index n2=-9.32x 1077 c¢m?W ™! was determined
for La, ,Sr; ,CoO, through the closed aperture Z-scan analysis. Notably, as Sr doping values increased from
x=0.5t00.91in Laz_,SrxCoO4thin films, NLA and NLR index increased. When the Sr doping value increased
from 0.9 to 1.5, the nonlinearity responses decreased. The observed enhancement in nonlinear responses
from x=0.5 to 0.9 may be ascribed to an augmentation in the population concurrent with an escalation in
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Laz_xSrxCoO4. | Element Weight% | Atomic%
(0] 18.61 59.49
Co 16.98 14.73
X=0.5
Sr 9.64 5.62
La 54.77 20.16
(0] 37.00 77.85
Co 13.20 7.54
X=0.7
Sr 17.96 6.90
La 31.84 7.71
(0] 34.44 75.79
Co 14.42 8.62
X=0.9
Sr 17.76 7.13
La 33.38 8.46
(0] 20.31 59.25
Co 16.42 13.01
X=1.1
Sr 32.96 17.56
La 30.31 10.18
(0] 24.97 65.06
Co 15.14 10.71
X=13
Sr 35.59 16.94
La 24.31 7.29
O 27.29 66.75
Co 14.02 9.31
X=15
Sr 44.96 20.08
La 13.72 3.87

Table 3. Th quantitative weight and atomic percentages of la, sr, co, and O of Lay_xSrxCoOys. in (a) x=0.5,
(b)x=0.7, (c) x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.

Sr doping concentration. The pronounced hybridization between Co-3d and O-2p orbitals may elucidate this
phenomenon, as it culminates in a more substantial enhancement of Co®*-LS populations relative to Co*"-HS
populations with the increasing Sr doping from x=0.5 to 0.9. It is established that Co**-(LS) - O(2p) exhibits
greater covalency compared to Co?"-(HS) - O(2p) for x < 1°. This increased hybridization enhances the charge
transfer mechanism that improves nonlinearity. Previous studies have indicated that enhancing the donor group
such as ( Co®T) can increase the nonlinearity values, which further enhances nonlinear optical responses®*.
The systematic analysis of n, and B facilitates the evaluation of the real and imaginary components of the

third-order NLO susceptibility ( x ®), as elucidated by**:

-9 2
3) _ 10" engne
Re |X ’ = [247r } (7)
-7 2
3)] _ 10~ "eA Nno
Im ’X ! = |:967r2] B ®)

Both real/imaginary parts and the absolute value of susceptibility are summarized in Table 5. NLO susceptibility
has a critical role in interactions of light with matter and enhances our recognition of nonlinear optical
characteristics!!. Based on 2D quantum dot (T-QD) RP hybrid perovskite studies, significant nonlinear responses
were observed in Las_«SrxCoOy4 thin films?.

Variations in thicknesses among samples have minimal impact on the magnitude of x(3), which remains
relatively stable across different samples, as presented in Table 5. At times, linear absorption causes a slight
imbalance, thus, it is essential to evaluate this phenomenon using a figure of merit (FOM) parameter and
decrease the imbalance as follows!* :

Im (x <3)) (esu)

FOM = 9)

Moreover, Other critical factors must be considered when assessing the potential of various synthesized films
for optical switching applications. Two principal parameters, W and T, delineate such characteristics in optical
materials. The sample in which x=0.9 exhibits T <1 and W > 1, indicating its suitability as an optical switch
device. W and T are introduced as*":
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Fig. 9. Energy Dispersive Spectroscopy (EDS) spectrum of Lag_ySrxCoOy4. shown as a plot of X-ray counts
versus energy. Energy peaks corresponding to various elements in the sample are indicated in (a) x=0.5, (b)
x=0.7, (¢) x=0.9, (d) x=1.1, (e) x=1.3, and (f) x=1.5.

W= n2lo (10)
ao)\

T = BA (11)
n2

Compared to previous studies on La,~SryCoO4 nanoparticles, our thin film samples exhibit a similar trend
in optical behavior, where the nonlinear responses peak around x=0.9, indicating a consistent effect of Sr
doping across different morphologies?®. Both studies demonstrated that the NLO properties, such as TPA
coefficient, reached a maximum at x=0.9. This consistency underscores the critical role of Sr-induced electronic
structure modifications in enhancing optical nonlinearity. However, the TPA values observed in thin films
(e.g., 14.57x107° cm/W) differ in magnitude from those reported in nanoparticle samples (e.g., 62.28 x 10~
cm/W), which could be attributed to differences in material dimensionality, light-matter interaction depth, and
microstructural effects’.
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Fig. 10. Open aperture Z-scan graphs of La2-xSrxCoO4 at various x-values.
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Sample | S a(ecm™) | Lg(cm) | T(z) AT, | n,(cm’/W) X 10%(}5‘ o
sr=0.5 |0.33 | 0.04 0.099 0.993 | 0.03 3.55 11.2
sr=0.7 |0.36 | 0.22 0.098 0.993 | 0.03 4.00 11.3
sr=0.9 |0.35 | 0.20 0.098 0.991 | 0.07 9.32 14.6
sr=1.1 [0.35|0.73 0.096 0.993 | 0.06 8.20 11.6
sr=1.3 |0.35 | 0.51 0.097 0.993 | 0.05 6.76 11.5
sr=1.5 |0.34 | 0.65 0.096 0.994 | 0.02 2.72 9.9

Table 4. The linear and NLO aspects of Lag_xsrxCoOy.

. Re |X @) | (cm/W)x10711 _ |X (3) | (co/W)x10-10 |X (3) | (cm/W)x10-10 T S —
0.5 | 1.61 2.16 217 1.68 | 3.35 | 36.85
0.7 | 1.62 1.95 1.95 1.51 | 0.59 | 5.53
0.9 | 3.34 2.21 2.24 0.83 | 1.52 | 7.36
1.1 |3.19 1.92 1.94 0.75 | 0.37 1.71
1.3 {248 1.78 1.80 091 | 043 | 231
1.5 | 1.19 1.84 1.84 1.94 | 0.13 1.72

Table 5. The other NLO parameters of films at 40 mW.

Conclusion

The structural, linear, and nonlinear optical (NLO) properties of La,~SrxCoO, thin films were systematically
investigated through XRD, SEM, AFM, EDS, UV-Vis, and Z-scan analyses. Key parameters such as particle size,
crystallite structure, surface roughness, optical band gap, and nonlinear response were all found to be significantly
influenced by Sr doping. SEM analysis revealed that doping level x=0.9 resulted in the largest particle size and
greatest heterogeneity, suggesting enhanced particle growth and microstructural variation. AFM measurements
showed a clear evolution from smooth to rough surface textures with increasing Sr content, again peaking at
x=0.9, highlighting its critical impact on surface morphology and growth behavior. EDS analysis confirmed the
successful substitution of Sr for La across all samples, validating the intended stoichiometry and supporting the
observed structural modifications.

Optical characterizations revealed a decrease in the band gap energy from 3.25 eV at x=0.5 to 2.25 eV
at x=0.9. Correspondingly, the nonlinear optical responses also peaked at x=0.9. Notably, the two-photon
absorption coefficient reached a maximum transmittance value of 14.57x10~° ¢cm/W for x=0.9, while the
lowest value of 9.9 x 10~° cm/W was recorded at x = 1.5. These findings can be attributed to enhanced Co-3d and
O-2p orbital hybridization, driven by an increase in Co** low-spin (LS) populations up to x=0.9. At higher Sr
concentrations (x=1.1-1.5), a transition of Co®" ions from LS to intermediate-spin (IS) states—associated with
the Jahn-Teller effect—leads to weaker Co**~O(2p) hybridization and a corresponding decline in nonlinear
optical performance. The results obtained from XRD, UV-Vis spectroscopy, and Z-scan measurements reveal
significant differences between La, Sr.CoO, nanoparticles and thin films, despite their identical chemical
composition. XRD patterns indicate smaller crystallite sizes and broader peaks in nanoparticles, whereas thin
films exhibit improved crystallinity. Overall, these results suggest that La,SrxCoOy thin films, particularly at
x=0.9, are promising candidates for photonic device applications.
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