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Received: 27 December 2023 Curcumin, a prominent component in Curcuma longa’s rhizome,
Accepted: 12 January 2024 manifests as a vibrant orange-yellow crystalline compound. This

Available online: 12 December 2024 research uses the Z-scan technique to characterise the nonlinear
refractive (NLR) and nonlinear absorption (NLA) of Curcumin dye
solutions. Employing open and closed aperture in Z-scan

Keywords measurements, we investigate the relationship between laser diode
Curcumin, Nonlinear absorption, input fluences (150 milliwatts) at five different dye concentrations (0.1
Nonlinear refractive index, Z-scan millimolar, 0.2 millimolar, 0.3 millimolar, 0.4 millimolar, and 0.5
method. millimolar). The results show that nonlinear refractive (NLR) and

nonlinear absorption (NLA) were observed starting at 0.1 millimolar
and going up to 0.5 millimolar. The result indicates the emergence of
NLR and NLA properties from 0.01 millimetre, with a reduction in NLR
value observed as concentrations increased. This underscores Curcumin
dye’s potential as an optical limiter in photonics applications.

1. Introduction

Curcumin, a primary constituent of Turmeric's rhizome, scientifically known as Curcuma longa, constitutes
about 77% of the three main compounds present in Turmeric, collectively referred to as curcuminoids [1].
Curcumin has garnered attention for its potential use in photonics, particularly in optical limiting and related
applications. Additionally, it has been subjected to in-depth investigations concerning its nonlinear optical
properties despite the significant progress made in nonlinear optics. Curcumin presents itself as a crystalline
compound with a vibrant orange-yellow hue, offering the possibility of intriguing nonlinear reactions when
analyzed using techniques like the Z-scan method.

The Z-scan method represents a powerful experimental approach for assessing the nonlinear optical
characteristics of materials. It plays a crucial role in advancing our comprehension of nonlinear optics, aiding in
material characterization, optimizing device performance, and supporting the development of novel materials
and applications [2]. The Z-scan technique, originally introduced by Sheik-Bahae et al., is widely employed to
measure the nonlinear optical properties of materials due to its simplicity and high sensitivity [3].

Hence, using the solvent extraction method to prepare Curcumin allows for the comprehensive
characterization of its nonlinear optical properties through the Z-scan technique. This approach enables the
determination of nonlinear absorption (a), nonlinear refractive index (n2), and third-order nonlinear properties
(X3) [5]- Consequently, a better understanding of how Curcumin responds to intense light can be achieved,
opening possibilities for its utilization in various rapidly evolving fields, including nonlinear optics, signal
processing, and light modulation applications [4]. In summary, this study aims to bridge the existing knowledge
gap by thoroughly examining Curcumin's nonlinear optical properties via Z-scan measurements.
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1.1 Nonlinear Optical Characterization.

The Z-scan technique is employed to measure the third-order nonlinear optical (NLO) parameters, including the
(n2), nonlinear absorption coefficient (§3), and third-order nonlinear susceptibility (X3). This measurement used
a 532 nm continuous-wave (CW) diode-pumped solid-state (DPSS) laser with a repetition rate of 10 Hz as the
laser source [5].

Two Thorlabs photodetectors, PD1 and PD2, were utilized in the experiment. A quartz cuvette with a 1 mm
path length held the dye solutions and was mounted on a computer-controlled, motorized stage with a 20 cm
displacement. This cuvette was moved parallel to the laser beam's direction. Subsequently, the laser beam was
split into two arms using a 50:50 beam splitter. An aperture was positioned in front of PD1 for the first arm
(closed-aperture Z-scan), while PD2 was placed in front of the second arm without any aperture (open-aperture
Z-scan). Simultaneously, the signals from PD1 and PD2 were recorded by an oscilloscope, which would later be
analyzed to determine the nonlinear absorption (NLA) and nonlinear refractive (NLR) responses.

ATpvis known as the normalized peak-to-valley transmittance and can be determined from the closed-
aperture Z-scan method [8]. Another change in ATp.vis a function of the on-axis phase shift represented by
|Ado|where ATp.v= 0.406(1 - S)0.25|Ado|where S is the linear transmittance of the aperture, rorepresents the
radius of the aperture, and wo represents the radius of the beam located at the aperture with the function S =1-¢
2r0w0) [9]. From these considerations, the expression for the nonlinear refractive index (n2) can be determined
as:

AgyA 1

Ny = ————
2 2mLlosrly
where A is the wavelength of the laser, Leff the effective thickness of the sample, and 10 is the laser intensity
at the focus.
Effective thickness, Lef where a is the linear absorption coefficient and L is the thickness of the sample.
Additionally, the NLA coefficient (3) can be estimated from the open aperture Z-scan data using the relationship:

2v/2 AT (2)
p="—"—

where AT is the value of one- valley from the curve of open aperture
X?® = ReX?®+ ImX? (3)

The real part of X3 can be obtained from evaluating the nonlinear refractive index (n2) derived from a closed
aperture Z-scan experiment. The behaviour of the transmission minimum valley before the focus and the
behaviour of the transmission maximum peak after the focus contributes to determining the real part of the
susceptibility ReX3. Conversely, the imaginary part of ImX3 is determined from the nonlinear absorption
coefficient (§) obtained from the aperture Z-scan experiments. As the sample approaches the laser beam, the
detected transmittance either increases or decreases, forming valley and peak features. Therefore, a normalized
transmission plot is generated, which correlates with the sample deviation (Z-shift).

ReX3and imaginary ImX? can be evaluated with their relationship are defined as follows:

Rex? = 10-+ 26" , (%)
= 2
yig
2.2 5)
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where go represents the vacuum permittivity, and c is the speed of light in a vacuum.

2. Materials and methods.

2.1 Preparation of Curcumin Dye solution

Curcumin dye was sourced from a local supermarket. Curcumin dye was acquired from a local supermarket, and
the sample preparation method employed was solvent extraction method (6). The Curcumin dye preparation
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process initiates by meticulously slicing and drying turmeric rhizomes to eliminate moisture. Concurrently, an
acetone solution is formulated with a precise 1:10 ratio of pulverized turmeric to acetone. Following the
thorough mixing of distilled water and acetone, a specific volume is measured, and 5 grams of turmeric are
introduced, leading to a noticeable change in color to a vibrant yellow.

After thorough stirring and allowing a resting period, the solution undergoes a transformation, turning a
striking scarlet hue. Subsequently, the solution is meticulously filtered through a micron sieve and filter paper to
yield a refined Curcumin solution. This process is repeated with varying quantities of turmeric to attain distinct
concentrations suitable for optical analysis. Additionally, the option to adjust hue intensity through dilution with
distilled water is available as needed. Ultimately, the resulting Curcumin pigment extract is stored in a cold, dark
environment to preserve its color and prevent deterioration.

A series of five Curcumin dye solutions were meticulously prepared to create the required concentrations,
with concentrations of 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.5 mM. The solvent used for these solutions
comprised a mixture of distilled water and acetone, with their preparation involving a sequence dilution
process, as per the following eq. 6 below:

C,Vi =GV, (6)

Where the Ci is the initial concentration of acetone, V1is the initial volume of acetone. Cz is the final
concentration of acetone and V2 the final volume of the mixture.

Each solution was placed above the surface of FTIR device to facilitate the Z-scan analysis. Fourier transform
infrared (FTIR) spectroscopy was employed to characterize the dye solutions, providing valuable insights into
their chemical composition and properties.

H,CO X _ OCH,

HO OH

Fig. 1 The chemical structure of Curcumin dye [1]

2.2 Z-Scan technique

The experimental setup utilizes a diode laser source that emits electromagnetic radiation with a wavelength of
532 nm, falling within the range between microwave and infrared wavelengths. Fig. 2 provides a schematic
representation of the Z-scan experiment configuration.

In this setup, two Thorlabs PDA 55 photodetectors, namely PD1 and PD2, are employed. The Curcumin dye
solution is contained within a quartz cuvette with a path length of 1 mm. This cuvette is positioned on a
computer-controlled motorized stage capable of moving 20 cm along a linear path parallel to the laser beam [5].

To split the laser beam into two paths, a beam splitter is used, and these paths form a 50° angle as they
traverse the dye solution [7]. In the first path, there is an aperture in front of PD1, resulting in a Z-scan with a
closed aperture configuration. In contrast, the second path includes a lens without a gap in front of PD2. Signals
from PD1 and PD2 are simultaneously recorded by an oscilloscope, enabling the examination of nonlinear
absorption (NLA) and nonlinear refraction (NLR) responses.
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Fig. 2 Schematic diagram of experiment setup of Z-Scan

Table 1 Parameters of Z-Scan experiment

Parameters Value
Wavelength, A 532 nm
Aperture radius, r0 1.9 mm [5]

Focal length, (f) 200 mm [5]
Rayleigh range, (Zr) 0.0041 m
Beam waist, (wo) 2.64x10-5m

3. Result and Discussion

3.1 Fourier transform infrared (FTIR)

Fig. 3 shows the Fourier transform infrared spectroscopy (FTIR) was employed to analyze the Curcumin dye
solution, allowing to identify its bonding structure and functional groups by generating a corresponding
spectrum. During the FTIR measurement, Table 3 was compiled to help assign peaks based on the FTIR
spectrum.

A significant peak at 3351.02 cm'! can be attributed to the O-H stretching vibration. This peak signifies the
presence of phenolic groups within Curcumin. These phenolic groups are renowned for their antioxidant
properties, underscoring their importance in Curcumin's biological functions [1].

Two additional peaks detected at 1696.87 cm and 1639.59 cm! are associated with C=0 stretching
vibrations, indicating the coexistence of ketonic and enolic forms within the Curcumin structure. This dual
structural nature is significant because it plays a crucial role in determining the stability and reactivity of
Curcumin, which are pivotal factors in its biological activities [8].

The peak observed at 1422.02 cm-1 corresponds to C-C stretching within the aromatic ring of Curcumin.
This feature is fundamental to the Curcumin molecule, as it consists of two aromatic rings connected by a seven-
carbon linker. Furthermore, two peaks at 1370.61 cm-1 and 1237.94 cm-1 can be attributed to C-O stretching
vibrations, indicating the presence of ether linkages. These ether linkages are a distinctive characteristic of the
Curcumin molecule [9].

It's worth noting that these FTIR results align with previous research on Curcumin's thermal nonlinearities,
as reported in a study that investigated three curcuminoids measured by diffraction ring patterns and Z-scan
under visible continuous-wave (CW) laser illumination [9].
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Fig. 3 FTIR spectra of Curcumin with different concentrations

Table 2 FTIR analysis of Curcumin with different concentrations

Sample O-H(em™)  C=0(em™) C-C(em™) C-0 (em™1)
Curcumin 3351.02 1696.87 1422.04 1370.61
(0.1mM) 1639.59 1237.94
Curcumin 3350.46 1696.95 1422.29 1370.68
(0.2mM) 1639.20 1237.94
Curcumin 3350.66 1696.80 1370.86
(0.3mM) 1639.53 123822
Curcumin 3339.21 1696.14 1370.98
(0.4mM) 1639.15 1238.42

3.2 UV-Vis spectroscopy

In Fig. 4, the absorption spectrum obtained using UV-Vis spectroscopy for the Curcumin solution in an acetone
solvent is presented. The results reveal a prominent absorption spectrum peak located just above 460 nm, with
an absorbance value slightly below 5.5. This finding implies that the substance exhibits a substantial level of
light absorption at this specific wavelength.

The samples were tested across the visible wavelength range, spanning from 460 nm to 660 nm, in the
presence of acetone within the Curcumin solution. It's worth noting that acetone plays a crucial role in UV-Vis
spectroscopy, primarily due to its high transparency within this particular spectral region [10]. This
transparency is vital as it allows for accurate and precise absorption measurements to be conducted.

Curcumin, on its own, has inherent absorption peaks within the UV-Vis spectrum. However, the introduction
of acetone into the solution may influence the solubility of Curcumin and alter its molecular environment.
Consequently, this can lead to shifts in absorption peaks or modifications in absorption intensity [11].

In summary, the UV-Vis spectroscopy analysis revealed a distinct absorption peak for the Curcumin solution
in acetone, centered just above 460 nm, with a relatively high absorbance value. This indicates significant light
absorption by Curcumin at this specific wavelength. Furthermore, the presence of acetone, known for its
spectral transparency, facilitated precise absorption measurements. However, it's essential to consider that the
introduction of acetone could potentially affect the solubility and molecular environment of Curcumin,
potentially leading to changes in its absorption characteristics [12].
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Fig. 4 The absorption spectrum of Curcumin using UV-Vis Spectroscopy

3.3 Nonlinear absorption (f) by Open aperture of Z-scan.

In Fig. 5 (a) to (e), initially, there were no discernible signs of nonlinearity as the samples were positioned at a
considerable distance from the beam waist. However, noticeable changes in transmission, primarily attributed
to nonlinear absorption, occurred as the samples traversed the nonlinear regime. At an excitation laser power of
150 mW, a phenomenon known as Reverse Saturable Absorption (RSA) became evident as the concentration of
the Curcumin dye increased from 0.1 mM to 0.5 mM. RSA is characterized by a reduction in the transmittance
signal when the sample passes through the focal point (where z-displacement = 0) within the nonlinear regime
[13]. Reverse Saturable Absorption, which is a non-linear optical phenomenon observed in materials with high
concentrations of absorbing molecules. RSA is characterized by a decrease in the absorption coefficient with
increasing incident light intensity, which is the opposite of saturable absorption [19].

Upon examining Figure 5 (a) to (e), the (NLA) response indicates that RSA occurs due to the aggregation of
dye molecules, facilitating Two-Photon Absorption (TPA) [14]. The substantial absorption observed in these
high-concentration Curcumin dye solutions may result from the combined effects of TPA and Excited State
Absorption (ESA), contributing to the RSA process. Table 3 presents the NLA coefficient, £.

In Fig. 6 below, a noticeable trend emerges with the positive sign of § increasing as the dye concentration
rises. This positive sign of §§ signifies an enhancement in RSA, primarily attributed to the ESA phenomenon [15].
The increasing aggregation of dye molecules can elucidate this as the concentration escalates. This aggregation
is linked to the benzene rings connected by seven-carbon chains in the Curcumin solution [16]. As previously
mentioned, this aggregation leads to dimerization between the molecules, causing energy splitting from singlet
to triplet energy states.
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Fig. 5 The result of an open aperture of the Z-scan curve of Curcumin dye at concentrations of (a) 0.1 mM, (b) 0.2
mM (c) 0.3 mM (d) 0.4 mM and (e) 0.5 mM.

Table 3 The result of nonlinear absorption(®) optical properties of Z- scan measurement

Sample with different concentrations B (x10%)
(mM)

0.1 1.14856

0.2 1.32671

0.3 1.44718

0.4 1.49152

0.5 1.56881
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Fig. 6 The results of varying concentrations of dyes towards the nonlinear absorption, B values

3.4 Nonlinear Refractive Index (n2) by Closed aperture of Z-Scan.

Fig. 7 (a) to (e) displays the closed-aperture z-scan transmission curves for Curcumin dye solutions at varying
concentrations. These figures reveal that the peak-valley normalized transmission, denoted as ATp-v, indicates
negative nonlinear refraction, also known as the self-defocusing effect, stemming from irradiance divergence
[17].

By utilizing the measured ATP- V values, the nonlinear refractive index, n2, can be calculated using Eq. (1).
As presented in Table 4, the calculated n2 values are found to be 10-12 cm2/W. In contrast to (NLA), (NLR)
exhibits a different trend as the dye concentrations increase under the same input power of 150 mW, as shown
in Figure 7. As the concentration increases, the n2 values for these dye solutions decrease within the range of
1.826-1.152 x 1012 cm2/W. This trend aligns with the peak values of these transmission curves, which fall
within the range of 1.5-2.0, and the valley transmittance, which is around 0.3-0.2 [18]. Fig. 8 illustrates that, the
highest n2 value was recorded at the lowest concentration of 0.5 mM. However, as the concentration increases,
itleads to a decrease in the n2 value. This trend suggests that the NLR of the material weakens due to population
redistribution during the Excited State Absorption (ESA), and it can be speculated that the thermal lens effect
may impact the dye molecules as the concentration increases [19].
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Fig. 7 The result of closed aperture of Z-scan curve of Curcumin dye at concentrations of (a) 0.1 mM, (b) 0.2 mM (c)
0.3 mM (d) 0.4 mM and (e) 0.5 mM

Table 4 The result of the samples’ nonlinear refractive index (n2)

Sample with different n2 (x10-12)
concentrations (mM)

0.1 -2.462

0.2 -1.180

0.3 -1.126

0.4 -1.489

0.5 -1.827
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Fig. 8 The results of varying concentration of dyes towards the nonlinear refractive index, n2 values

4. Conclusion

In this study, we conducted an in-depth investigation into the nonlinear optical properties of Curcumin dye
solutions using the Z-scan method. The results obtained shed light on the intriguing optical behavior of
Curcumin and its potential applications in various fields.

In the closed-aperture Z-scan experiments, we observed self-defocusing effects in the Curcumin dye,
characterized by consistently negative n2 values. Notably, these self-defocusing effects demonstrated a tendency
to diminish as the concentration of Curcumin increased [20]. On the other hand, the open-aperture Z-scan
experiments revealed a Reverse Saturable Absorption (RSA) effect at higher concentrations of the dye. This
effect indicated a non-linear relationship between B values and the concentration of Curcumin [19]. The
discovery of these non-linear optical attributes in Curcumin solutions holds great promise. Beyond its potential
as an optical limiter for safety applications, Curcumin emerges as a fascinating candidate for utilization in the
realms of optoelectronics and advanced photonics [21]. Its unique optical properties, as unveiled in this study,
open doors to exciting possibilities in the development of innovative optical devices and technologies [22].

In summary, our investigation into the nonlinear optical properties of Curcumin dye solutions has provided
valuable insights into its behavior under different conditions. These findings not only contribute to the
fundamental understanding of Curcumin's optical characteristics but also offer a promising avenue for practical
applications across various scientific and technological domains. The potential of Curcumin as a versatile and
effective component in optical systems is a significant outcome of this research, paving the way for future
exploration and utilization of its remarkable optical properties.
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