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ARTICLE INFO ABSTRACT

Keywords: Phosphonium-based nonlinear optical materials (NLO) are gaining attention due to their unique molecular
X-ray diffraction structure, tunable electronic properties, and strong intermolecular interactions, making them promising candi-
Photoluminescence dates in photonics and optoelectronics. Recognising the vital importance of these materials, a potential NLO
Laser damage_ﬂf‘reShOId single crystal of Ethyltriphenylphosphonium iodide hydrate (ETPI) was grown using the low-temperature solu-
Photoconductivity

tion method, achieving dimensions of 45 x 10 x 3 mm?® at ambient temperature for the first time. The XRD
analysis indicates that the crystal belongs to the monoclinic system with a space group of P2 . The vibrational
assignments were confirmed through FT-IR analysis. Optical absorption analysis reveals a cutoff wavelength of
280 nm and an optical bandgap of 4.43 eV. Evaluating Urbach energy and optical constants indicates good
optical quality with a low defect concentration. The photoluminescence (PL) spectrum distinctly shows that the
material emits a striking violet light, characterised by its specific wavelength range. Surface morphology and
elemental compositions were assessed by HR-SEM/EDAX analysis. The laser damage threshold (LDT) power
density was 7.5 GW/cm?, indicating its potential for high-power laser applications. The material exhibits
negative photoconductivity, as evidenced by the observed photoconductive response. The thermal stability of the
material was established through DSC analysis, revealing a melting point of 170 °C. The dielectric constant and
loss exhibit an exponential decrease with increasing frequency and varying temperature. Theoretical assessments
of electronic polarizability were conducted. Third-order NLO properties were determined using the Z-scan
approach, including the absorption coefficient (p), saturation intensity (Is), and optical limiting threshold, which
were found to be 0.84 x 107 1° m/W, 39 x 10! W/mz, and 3.41 x 102 W/mz, respectively. These outcomes
highlight the crystal’s suitability for integration into various nonlinear optical and photonic systems.

Electronic polarizability
Z-Scan analysis

1. Introduction

The field of nonlinear optics is experiencing remarkable expansion,
driven by its diverse applications, which span optical switching, optical
modulation, and a wide array of photonic devices. To advance this field,
developing new materials that exhibit exceptional optical transparency,
robust resistance to laser exposure, and a pronounced non-linear
response across an extensive frequency spectrum is of paramount
importance [1]. Researchers are diligently working to synthesize effec-
tive materials tailored explicitly for nonlinear optical applications, with
a keen focus on innovative classes of substances, including
molecular-based compounds, organometallic compounds, and organic
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polymers. Organic materials stand out in this quest due to their
cost-effectiveness, low dielectric constants, broad transparency ranges,
notable thermal stability, and enhanced damage resistance [2]. The
unique properties of organic compounds, particularly their conjugate
donor-acceptor n systems, render them efficient derivatives for various
applications in nonlinear optics [3]. Among the array of promising
materials, phosphonium salts have garnered significant attention due to
their distinctive characteristics and versatile applications across multi-
ple scientific domains, including catalysis, organosynthesis, and elec-
trochemistry [4]. Remarkably, phosphonium derivatives play a crucial
role as nucleophiles in fluorination reactions, showcasing their versa-
tility [5]. Furthermore, these compounds are employed in biocides,
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plant growth regulators, and as photoinduced radical reagents, high-
lighting their practicality in real-world applications [6]. In the realm of
triphenyl phosphonium compounds, the spatial arrangement of phenyl
rings resembles a propeller-like structure, contributing to an extended
and intricate overall geometry [7]. Triphenylphosphonium cations
possess a remarkable capability to transport a diverse range of bioactive
compounds, including antioxidants, dendrimers, and coenzymes, owing
to their unique structural properties [8].

Ethyltriphenylphosphonium iodide hydrate is a quaternary phospho-
nium salt widely used in organic synthesis due to its distinctive reactivity
and structural properties. This compound comprises a central phospho-
nium ion, which carries a positive charge, surrounded by three phenyl
groups and an ethyl group. The presence of these bulky aromatic rings
contributes to the overall stability and steric hindrance of the molecule,
which can influence its reactivity in various chemical processes. The io-
dide ion serves as the counterion, playing a crucial role in maintaining the
electrochemical balance of the compound. Additionally, the hydrate form
indicates the presence of water molecules integrated into the crystal lat-
tice, which can affect both the solubility and the reactivity of the salt in
different solvents. Ethyltriphenylphosphonium iodide hydrate is partic-
ularly valued in synthetic organic chemistry for its applications in phase
transfer catalysis, as well as in the synthesis of various organic com-
pounds, making it an essential reagent in many laboratory settings.

A variety of phosphonium derivatives, such as Ethyl-
triphenylphosphonium bromide dihydrate [9], Methyltriphenyl
phosphonium bromide hydrate [10], Methyltriphenylphosphonium io-
dide thiourea [11], Allyl triphenylphosphonium bromide [12], and
Propyl triphenylphosphonium bromo chromate [13], demonstrate sig-
nificant potential across multiple scientific fields, primarily due to their
adaptable characteristics and innovative uses. While the crystal struc-
ture of Ethyltriphenylphosphonium iodide hydrate ([(CgHs)sP (I7)
CoHs]. Ho0) has been elucidated [14], a comprehensive investigation
into the physicochemical properties of this material remains lacking.
Therefore, the primary objective of our current study is to grow
high-quality, substantial single crystals of ETPI using the solvent evap-
oration method with a carefully selected mixed solvent of ethanol and
distilled water. The resulting material will undergo a series of unprec-
edented characterisations, including PXRD, FT-IR, UV-Visible, Urbach
energy assessment, the determination of optical constants, Photo-
luminescence studies, HR-SEM/EDAX, evaluation of laser damage
threshold (LDT), analysis of photoconductivity, measurement of
dielectric properties, assessment of polarizability, and potentially vital
third-order nonlinear optical studies like Z-scan analyses were carried
out. Remarkably, all these characterisations are reported here for the
first time in the scientific literature.

2. Experimental procedure

The starting material used in this study was Ethyl-
triphenylphosphonium iodide, an analytically pure compound known
for its exceptional quality and stability. A specific quantity of this re-
agent was accurately measured and then dissolved in a mixed solvent
consisting of equal parts of ethanol and distilled water. To achieve a
homogeneous solution, the resulting mixture was subjected to vigorous
stirring for 6 h at a controlled temperature of 35 °C. This stirring process
ensured the solution became completely soluble, which was then further
filtered using Whatman filter paper. The filtered solution was then
transferred into a thoroughly cleaned beaker, which was sealed with a
polythene sheet punctuated with several small perforations. This setup
was designed to permit controlled evaporation, allowing for slow, un-
disturbed evaporation in an environment free from mechanical vibra-
tions and thermal fluctuations. After three weeks under these managed
conditions, the evaporation process successfully yielded a clear, good-
quality single crystal of Ethyltriphenylphosphonium iodide hydrate
(ETPI). The dimensions of the crystal measured an impressive 45 mm x
10 mm x 3 mm, as shown in Fig. 1.
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3. Results and discussion
3.1. X-ray diffraction analysis

The as-grown single crystal of ETPI was subjected to X-ray diffraction
analysis using an ENRAF NONIUS CAD4 diffractometer. The data ob-
tained indicate that the material is classified as monoclinic, with a space
group of P21 ¢. The lattice parameters are as follows: a = 10.831(15) A,
b =14.502(2) f\, and ¢ =12.951(19) 10\, with angles « =y =90° and f =
102.39(3) °. These measurements align well with those previously re-
ported [14] as presented in Table 1. Furthermore, the Powder X-ray
diffraction (PXRD) analysis, conducted using a PANalytical diffractom-
eter with CuKu radiation (A = 1.5418 10\) over an angular range of
10°-70°, shows sharp and well-defined diffraction peaks, as shown in
Fig. 2. The absence of unindexed reflections or additional peaks in-
dicates that no secondary phases or domains are present in the grown
material. The prominent peaks from the experimental measurements
have been compared to those from theoretical calculations, reinforcing
the consistency of the PXRD data with the single-crystal XRD results.

3.2. FT-IR spectral analysis

The Fourier Transform Infrared (FT-IR) spectrum of the ETPI sample
was carefully recorded over the range of 400-4000 cm ™! using a Bruker
66V FT-IR spectrometer from a finely powdered form of the crystal used
in this study. A small piece of the crystal was carefully ground to a
uniform consistency and mixed with high-purity spectroscopic-grade
potassium bromide (KBr). This mixture was then pressed into a trans-
parent pellet, ensuring precise and consistent spectral analysis. As
depicted in Fig. 3, the FT-IR spectrum of the compound under investi-
gation reveals a tapestry of notable peaks, each carrying significant in-
formation. These peaks correspond to the distinct vibrational
movements of chemical bonds within the sample, offering invaluable
insights into its molecular architecture and the presence of various
functional groups [15]. A closer inspection of these peaks promises to
deepen our understanding of the compound’s properties. Notably, the
broad peak observed at 3409 cm ™! is particularly striking, which can be
attributed to the O-H stretching vibration of water, indicating the
compound’s potential for hydration. The peaks at 2924 cm ™! and 2883
cm ! correspond to the CH, vibrations associated with the ethyl group,
highlighting the presence of this aliphatic component in the molecule.
Moreover, the bending mode of water is evident at 1636 em ™l
emphasising the compound’s interaction with moisture. The peaks at
1486 cm™! and 1437 cm™! resonate with the vibrations of the aromatic
ring embedded within the compound, revealing the structural
complexity that aromatic compounds are known for. The significant
peaks at 1384 cm™! and 1341 cm™! can be attributed to the bending
vibrations of the CHy group, further elucidating the compound’s
aliphatic character.

Additionally, the peaks at 1264 ecm™!, 1164 em™!, 1033 em ™!, and
996 cm ™! indicate P-C vibrations, offering insight into potential phos-
phorus interactions within the molecular framework. Finally, the peaks
at 861 cm’l, 755 cm’l, and 689 cm ™! correspond to the bending vi-
brations of aromatic C-H bonds, indicating a rich and intricate network
of vibrations characteristic of aromatic compounds. This complex
pattern of observed peaks underscores the multifaceted interactions
within the molecular structure, highlighting the compound’s rich
chemical landscape [16].

3.3. Optical studies

3.3.1. UV-visible absorbance analysis

UV-Visible analysis serves as a crucial analytical technique for
uncovering intricate details about a material’s optical transparency and
the electronic transitions occurring within its molecular structure. The
absorption studies were meticulously performed across a wavelength
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Fig. 1. As-grown single crystal of ETPI.

Table 1
Single-crystal XRD parameters of ETPL

Lattice Parameters Present Work Pavel Valerievich Andreev et al. [14]

a (;\) 10.831(15) 10.805(2)
b &) 14.502(2) 14.276(3)
c) 12.951(19) 12.974(3)
a=vy() 90 920

BC) 102.39(3) 102.67(2)
Crystal System Monoclinic Monoclinic
Space group P2 ¢ P2, ¢

spectrum ranging from 200 nm to 800 nm. As depicted in Fig. 4(a), the
material exhibits a striking cut-off wavelength at 280 nm, a significant
point that reflects its distinctive optical behaviour. The presence of the
triphenylphosphonium moiety, characterised by its aromatic rings,
contributes to absorption in the ultraviolet range, primarily due to 1 —
n* transitions. This pronounced cut-off at 280 nm can be attributed to
these aromatic systems, which play a pivotal role in the material’s op-
tical properties. Such attributes position the material as an exceptionally
promising candidate for innovative nonlinear optical and optoelectronic
applications. The material’s remarkably low absorption throughout the
entire UV-visible spectrum, combined with an extensive transparency
window, further enhances its appeal for potential applications in
advanced optical technologies [17].

To quantitatively evaluate the absorption characteristics, Tauc’s
relationship (1) can be employed to determine the absorption
coefficient:

(ahv)" =T (hv—Eg) €y

In this particular equation, the exponent value of n = 1/2 signifies a

direct bandgap, while an exponent of n = 2 indicates an indirect
bandgap. Tauc’s plot, illustrated in Fig. 4(b), offers a visual represen-
tation that shows the optical bandgap energy of the material is
approximately 4.43 eV. This figure is not merely a theoretical construct;
it is validated by Planck’s equation, represented as [E = hc/A]. Within
this context, Ac denotes the cut-off wavelength associated with the
material, and the ensuing calculations corroborate the bandgap energy
at 4.43 eV. This result aligns seamlessly with experimental observations,
reinforcing the accuracy of the measurements. The implications of these
findings are significant, suggesting that the material possesses enhanced
optical conductivity. This remarkable property enables the material to
absorb photon energy efficiently, thereby expanding its potential ap-
plications across various fields, including advanced photonic fabrication
and innovative third-harmonic generation processes [18]. Such capa-
bilities underscore the material’s promise in cutting-edge technological
developments and applications.

3.3.2. Absorption band tail

The presence of disorders often leads to band tailing in crystalline
materials due to the interaction of phonons in the bandgap region. The
Urbach energy, characterised by an exponential tail, significantly in-
fluences materials with minimal crystallinity, while its impact is
considerably diminished for well-crystalline materials [19]. An expo-
nential equation, known as the Urbach empirical rule (2-3), delineates
the correlation between the absorption coefficient () and photon en-
ergy [20].

o =aq, exp (Z—y) (2)
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This equation presents a representation of the Urbach energy as
provided by the Ey. Fig. 5 illustrates the relationship between photon
energy and In(a), with a slope of 8.009. Taking the reciprocal yields the
Urbach energy Ey, measured at 0.125 eV. This result indicates that the
material exhibits high crystallinity and a low concentration of flaws.
Furthermore, Urbach formulated an additional correlation between the
absorption coefficient and the optical bandgap [21], as specified in
Equations (4) and (5).
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Fig. 5. Plot of In («) vs Photon energy (hv).

where f is a pre-exponential constant and ¢ is another constant called
the steepness parameter. Eg is the transition energy, which equals Eg for
a direct allowed transition. However, for an indirect transition, it equals
Eg + Ep, where Ep is the energy of the phonon, which mainly influences
the bandgap energy because of thermal dissociation of the lattice sites.
The ETPI crystal has a direct bandgap and hence Eq = Eg and taking the
logarithm on both sides of equation (4) and comparing with equation
(3), it can be rewritten as follows:

hy o(hv
— | = () (5)

Ey KT
In this context, Ey equals 0.125 eV; Kp signifies the Boltzmann con-

stant; and T symbolises the absolute temperature. The steepness
parameter (o) is found by equation (6),

T
G:E—U (6)

resulting in a value of 0.189. Additionally, the strength of the electron-
photon interaction (Ee.,) is calculated using equation (7),

2
Ee—p = % (7)

resulting in a magnitude of 3.537. Table 2 summarises the details for the
cut-off wavelength (nm), optical band gap energy (Eg), Urbach energy
(Ey), steepness parameter (o), and electron-photon energy (Ee.p), indi-
cating that the material has excellent crystal quality, good response to
phonons, and strong potential for making photonic devices [22].
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Table 2

Urbach energy and its parameters.
Description Value
Wavelength of absorption edge (nm) 280 nm
Optical bandgap (Eg) 4.43 ev
Urbach energy (Ey) 0.125 eV
Steepness parameter (c) 0.189
Electron-photon interaction energy (E..,) 3.537

3.3.3. Determination of optical constants

This entails a meticulous examination of optical constants, including
optical conductivity, refractive index, and extinction coefficient, which
are crucial in determining the optical behaviour of materials and their
applicability in optoelectronics, optical switching, and various nonlinear
optical applications [23]. The material’s composition and reflective
characteristics exclusively determine the refractive index. Equation (8)
computes the refractive index of the material based on the reflectance
data [24].

—(R+1)=£,/(—3R2+10R - 3)

n= 2(R—1) ®

The resultant graph, Fig. 6(a), demonstrates that the refractive index
of the material is 1.3708 at a wavelength of 532 nm. The refractive index
denotes the degree to which light is refracted or bent upon entering the
substance. The reduced refractive index and high transmission across
the whole visible spectrum led to significant advancements in the field of
optoelectronics [25].

The extinction coefficient measures a substance’s capacity to absorb
or reflect light at a specific wavelength and signifies the degree of ab-
sorption loss when electromagnetic waves traverse the material [26].

The computation can be executed via equation (9).

alt
== 9
4z ©

Fig. 6(b) illustrates that the extinction coefficient of the material
increases with higher photon energy, indicating an enhanced response
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to light intensity. The minimum attenuation coefficient at diminished
photon energy makes the material suitable for device development [27].

3.4. Photoluminescence studies

The Fluorolog-3-11 spectrometer was utilised for an extensive pho-
toluminescence analysis of the title compound. A 450 W xenon lamp
powers it, offers a resolution of 0.2 nm and covers a wavelength range
from 180 to 850 nm. Photoluminescence (PL) involves the spontaneous
emission of light following photoexcitation, influenced by mechanisms
such as internal conversion, intersystem crossing, and vibrational
relaxation [28]. During the examination, the compound was excited at
around 270 nm, resulting in a notable emission peak at 300 nm. The
spectra, illustrated in Fig. 7, indicate a striking violet light emission,
reflecting the material’s high quality and minimal defects. Additionally,
the temporal analysis of the emission reveals diverse energy levels and
their lifetimes, underscoring the material’s potential for organic scin-
tillator applications and device fabrication [29].

3.5. HR-SEM/EDAX analysis

The surface morphology of the material was meticulously analysed
using a Quanta 200FEG high-resolution scanning electron microscope
(HR-SEM), which is renowned for its exceptional imaging capabilities.
Fig. 8 presents the HR-SEM images captured at various magnifications,
employing an acceleration voltage of 30 kV to ensure optimal resolution
and clarity. The images reveal that the material possesses a distinct
agglomerated morphology, characterised by clustered particles, which
facilitates the observation of microcrystalline structures intricately
woven into its growth pattern [30].

To further investigate the material’s composition, Energy-Dispersive
X-ray Spectroscopy (EDAX) analysis was conducted, providing a
comprehensive assessment of the elemental constituents present. The
EDAX spectrum, illustrated in Fig. 9, reveals significant peaks corre-
sponding to various elements. The EDAX spectrum confirms the
elemental composition of the grown ETPI crystal, indicating the
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Fig. 9. EDAX spectrum of ETPI

presence of only Carbon, Phosphorus, and Iodine in the expected stoi-
chiometric ratios (Carbon = 67.17 wt%, Phosphorus = 6.67 wt%, lodine
= 26.17 wt%), without any detectable extraneous elements. This evi-
dence supports the chemical purity of the material and further confirms
the absence of any additional structural phases.

3.6. Laser damage threshold studies

The laser damage threshold of the material is influenced by a variety
of intricate physical processes, including electron avalanche, photo-
ionisation driven by heat absorption, photochemical breakdown,
multiphoton absorption, and electrostrictive fracture [31]. The efficacy
of a nonlinear optical (NLO) material hinges not only on its inherent
optical, thermal, and mechanical characteristics but also on the
robustness of its surface in enduring high-power levels. To evaluate the
material’s resistance to laser-induced damage, a precise experimental
setup was established using a single-shot Nd-YAG laser source operating
at a frequency of 10 Hz with adjustable energy output. In this setup, a
beam splitter intricately divided the incoming laser beam into two

(2) BEFORE DAMAGE

equal-energy segments. One segment served as a reference point, while
the other was directed toward the polished surface of the crystal through
a converging lens with a focal length of 10 cm. As illustrated in Fig. 10
(a), the crystal’s surface was examined before exposure to the laser
beam. Following irradiation, the crystal underwent significant thermal
stress and melting, consequences of the intense energy delivered by the
laser pulse, which resulted in visibly apparent damage and a distinct,
startling cracking sound. The damages inflicted by the high laser in-
tensity are depicted in detail in Fig. 10(b), showcasing the catastrophic

Table 3

Comparison of the LDT values with other NLO single crystals.
NLO materials Power Density (GW/

cm?)

L-Histidinium phthalate iodide [32] 1.29 GW/cm?
1-Proline Potassium Iodide [33] 2.14 GW/cm?
1-Serine Phosphate [34] 5.27 GW/cm?
Ethyltriphenylphosphonium Iodide hydrate [present 7.50 GW/cm?

work]

Fig. 10. Laser Damage view pattern (a) before (b) after.
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effects of thermal stress on the crystal’s integrity.
The power density was calculated using equation (10),
E,

Py=—"2 10)
TRWo

The resulting calculated power density of the crystal reached an
impressive 7.5 GW/cm?. As shown in Table 3, this power density notably
surpasses that of many currently known nonlinear optical materials
[32-34]. Such a remarkable power density indicates that these materials
hold substantial promise as potential candidates for advanced applica-
tions in high-power laser systems and in the expanding field of nonlinear
optics.

3.7. Photoconductivity studies

The photoconductivity of the material is influenced by several key
factors, including temperature, light intensity, the applied electric field,
carrier density, and the lifespan of the charge carriers [35]. In this study,
the photoconductivity of the specified material was meticulously eval-
uated using a Keithley Picoammeter (Model M6487). The sample was
carefully positioned in contact with a bimetallic electrode, employing
silver paste to ensure optimal electrical connectivity. Following this, the
sample was securely fastened to the cold finger within the cryostat,
where precise temperature control is paramount for accurate measure-
ments. The experimental setup featured two electrodes connected to a
DC power supply, which enabled the application of a variable potential
ranging from 1 to 50 V, adjusted in 1 V increments throughout the test.
To assess the device’s performance in different conditions, the dark
current (Ip) was measured at various voltages, ensuring that the sample
remained unilluminated during this phase to eliminate any influence
from light. Subsequently, the photocurrent (Ip) was recorded under
diverse light irradiation and voltage settings, allowing for a compre-
hensive analysis of the material’s behaviour. As illustrated in Fig. 11,
there is a clear correlation between the photocurrent and dark current in
relation to the applied voltage. The data reveal a significant increase in
both photocurrent and dark current with rising voltage levels [36].
Interestingly, the dark current consistently surpassed the photocurrent,
indicating the material’s unique negative photoconductive
characteristics.

This negative photoconductivity phenomenon occurs due to a
decrease in the number of charge carriers or a reduction in their lifetime
when subjected to radiation. Such a decrease in carrier lifespan en-
hances the trapping process and increases the velocity of the carriers,

32
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Fig. 11. Field-dependent photoconductivity of ETPI.
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reinforcing the material’s distinctive behaviour [37]. Numerous studies
have documented materials that exhibit similar negative photoconduc-
tive properties, including notable examples such as r-Alanine hydrogen
chloride [38], Bisglycine hydrobromide [39], i-Phenyl-
alanine-4-nitrophenol [40], and 1-Asparagine [41], each contributing to
an expanding understanding of this intriguing phenomenon.

3.8. Thermal analysis

The Differential Scanning Calorimetry (DSC) analysis of the specified
substance was meticulously conducted over an extensive temperature
range of 25 °C-500 °C at a controlled heating rate of 10 K/min, using a
state-of-the-art NETZSCH STA 409C analyser in a nitrogen atmosphere.
This advanced DSC technique was instrumental in unravelling the
thermal properties of the material, focusing on crucial metrics such as
the melting point and the intricate thermal energy transitions [42].

The initial exothermic peak, clearly illustrated in Fig. 12, reveals that
the melting point of ETPI occurs at 170 °C, marking a significant tran-
sition in its thermal behaviour. Following this, the second exothermic
peak observed at 365 °C signifies the decomposition of organic residues,
highlighting the material’s thermal degradation process. This distinctive
thermal profile not only showcases the material’s impressive thermal
stability but also underscores its capability to withstand high-
temperature laser applications effectively [43].

3.9. Dielectric studies

The dielectric characteristics of the material are profoundly inter-
twined with its lattice dynamics, providing essential insights into the
fundamental atomic qualities, defect concentration, bonding in-
teractions, and polarisation mechanisms inherent within the structure.
This meticulously fabricated crystal, boasting exceptional optical clarity
and purity, was specifically used for comprehensive dielectric in-
vestigations [44]. To facilitate these studies, a thin layer of silver was
applied to the opposing surfaces of the crystal and strategically posi-
tioned between two copper electrodes, effectively creating a parallel
plate capacitor. The capacitance of the material was meticulously
measured across an extensive range of frequencies and temperatures,
extending from ambient conditions to a remarkable 140 °C. The
dielectric constant, a pivotal parameter, is articulated through equation
11):
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Fig. 12. DSC trace of ETPL
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Fig. 13. Dielectric constant (¢') vs Log f.

As illustrated in Fig. 13, the dielectric constant exhibits a pronounced
increase at low frequencies, gradually tapering off as the frequency rises,
ultimately reaching a stable equilibrium at higher frequencies across
varying temperatures. This signifies the static dielectric constant. The
elevated dielectric constant observed at lower frequencies can be
attributed to a plethora of polarisation phenomena, including interfa-
cial, dipolar, ionic, and electronic polarisation. However, as frequency
escalates, a notable reduction in polarisation occurs, leading to a
misalignment between the applied electric field and the dipole moment,
ultimately resulting in diminished polarisation efficacy beyond a critical
frequency [45]. Fig. 14 further elucidates this behaviour, demonstrating
that the material experiences minimal dielectric loss at elevated fre-
quencies, eventually stabilising, which signals a lack of defects or im-
perfections within the crystal structure and underscores its superior
optical quality. Materials characterized by low dielectric constants and
minimal dielectric loss are particularly promising candidates for a wide

range of applications in laser technology, photonics, microelectronics,
and electro-optic systems [46].

3.10. Polarizability studies

The electrical polarizability of a material is fundamentally linked to
its response when subjected to an external electric field. This charac-
teristic plays a crucial role in determining how frequency conversion
occurs within that material, as its polarizability entirely governs it.
Numerous theoretical approaches have been developed to ascertain the
electronic polarizability of various substances. Among these methods,
notable examples include the Penn gap, Clausius-Mossotti relation, the
optical bandgap, and the coupled dipole method [47,48]. To explore the
calculations related to the Penn gap, valence electron plasma energy,
Fermi energy, and, of course, electronic polarizability, one would start
by determining the density (p) of the substance in question, an essential
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Fig. 14. Dielectric loss vs Log f.
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step that can be computed using equation (12). This foundational
parameter lays the groundwork for a deeper understanding of the ma-
terial’s electronic properties and behavior under electrical influences.

Mz 5
p= N,V 8 / cm (12)

The valence electron plasma energy (h w,) [49] is determined using
equation (13)

/ 1/2
zxp) 13)

fiw, = 28.8 (ﬁ
The Fermi energy (Er) and Penn gap (Ep) [50] can be determined
from the valence electron plasma energy using the following equations

14 and 15:

Er=0.2947 (hw,) eV a4
haw,
Ep= m eV (15)

As a result, electronic polarizability («) [51] is determined using the
following equation (16)

o [ (hw,)”So

M
— 2 — | x—x0.396 x 10 **cm® (16)
(hwy)“So + 3Ep*| P

So represents a constant that is specific to the material [52], as
defined by equation (17)

B 1[E]?
So=1—|—|+=|— 17
0 [4EJ +3{4EJ an

The Clausius—Mossotti relation expresses the electronic polariz-

ability (a), which is directly linked to the dielectric constant of the
material [53], as follows (18)

3M [¢—-1]
= 18
* Nap L’ + 2} o (18)

The electrical polarizability (a) is related to the optical bandgap by
the following equation: (19)

Eg M —24 3
a= [1 4{06} X~ 0.396 x 10" *em 19

The dipole moment frequently emerges in response to an external
electric field. The electronic polarizability (a) is determined through the
coupled dipole method [54,55] using the specified equation. (20)

_Zé

mew?

(20)

The resulting crystal demonstrates significant polarisation capa-
bility, indicating improved sensitivity to electric fields and exceptional
optical quality [56]. The calculated electronic polarizability and
solid-state parameters of the material are presented in Table 4, which
suggests a reduced concentration of defects.

Table 4
Polarizability value of ETPI.

Electronic polarizability (0)  Ethyltriphenylphosphonium iodide hydrate (Present

work)

Plasma energy 17.428 (eV)

Fermi energy 45.185 (eV)

Penn gap 1.1941 (eV)

Penn analysis («) 11.30 x 1072 cm®
Clausius— Mossotti relation 11.37 x 1072 cm®

(o)
Optical band gap (a) 5.79 x 10723 cm®

Coupled dipole method (@)  7.56 x 10723 cm®
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3.11. Third order nonlinear optical studies (Z-scan)

The nonlinear absorption and optical limiting properties of ETPI
were studied using the single-beam Z-Scan technique [57]. This
approach examines the material’s optical properties by analysing light
interactions, focusing on transmittance affected by nonlinear absorp-
tion. A Q-switched Nd: YAG laser (Quanta-Ray INDI-10) with a 9 ns
pulse width and 532 nm wavelength was employed. To prepare the
sample, 0.15 mg of powdered ETPI was dispersed in 5 mL of ethylene
glycol, resulting in a linear transmittance of 70 %. Ethylene glycol pri-
marily serves as a polar solvent, enhancing the activity of solutes while
exhibiting no notable nonlinear optical response. A Z-scan conducted
under the specified experimental conditions on pure ethylene glycol
reveals an absence of nonlinear characteristics. Consequently, it does
not affect the nonlinear absorption of the ETPI sample. Key experimental
parameters included a Rayleigh range of 1.69 mm, a beam waist of 16.9
pm and a pulse energy of 100 pJ. A convex lens with a 15 cm focal length
focused the laser beam on the sample in a 1 mm quartz cuvette. The
beam was scanned over 100 mm in set steps, showing how the absorp-
tion coefficient varies with increasing light intensity.

The prominent nonlinear absorption (NLA) characteristics of the
sample display both saturable absorption (SA) and reverse saturable
absorption (RSA) behaviours. In the case of saturable absorption, the
nonlinear transmission reaches its maximum at the focal point of the
laser beam, exhibiting a distinct peak in the open-aperture Z-scan traces.
Conversely, reverse saturable absorption exhibits a clear valley-like
profile, indicating maximum absorption at the focus. The nonlinear
absorption coefficient (f) is a key parameter; a positive p indicates RSA,
while a negative f signifies SA. Thus, the peak associated with saturable
absorption or the valley related to reverse saturable absorption, similar
to an open-aperture Z-scan pattern, reveals the type of nonlinear optical
absorption of the material. In this study, the open-aperture Z-scan curves
show a distinctly valley-shaped profile, confirming that the primary NLA
mechanism is reverse saturable absorption. Fig. 15 shows the open-
aperture curve of ETPI, with the normalised transmission calculated
using Equation (21):

+o0

T(z) = — / In[1 + q(z)exp(—2)|dr @1)
7q(2) J-o

where q(z) = /))Leﬂr17° , B is the nonlinear absorption coefficient,
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Fig. 15. Open aperture curve of ETPL
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Z, is the Rayleigh range or diffraction length, I, is the input intensity of
the laser beam, and L is the effective length of the sample. The
nonlinear absorption in ETPI is attributed to the two-photon absorption
process, with theoretical and experimental data findings aligning with
each other [58].

The observed reverse saturable absorption in the sample is attrib-
utable to a two-photon absorption (2PA) mechanism, as demonstrated
by fitting the open-aperture Z-scan data to the established theoretical
model for 2PA. Notably, nonlinear reverse saturable absorption may
arise from two different pathways within the two-photon absorption
process. The first pathway involves a genuine two-photon absorption
event, where two photons are absorbed simultaneously, exciting an
electron from the ground state to the first excited state. The second
pathway involves a sequential 2PA mechanism, in which the first photon
elevates the electron to a near-resonant state, followed by a second
photon that further excites the electron to a higher excited state. The
linear absorption spectral data obtained from the current measurements
show significant absorption within the visible spectrum, confirming the
presence of a near-resonant state close to the excitation wavelength.
Additionally, the dependence of the nonlinear absorption coefficient on
the on-axis intensity suggests that nonlinear absorption primarily occurs
through the sequential two-photon absorption process.

ETPI demonstrates a broad optical transparency range from 300 to
800 nm, rendering them appropriate for investigations related to optical
limiting. The fluence (F(z)) of a filtered Gaussian laser beam at position
Z is described by an equation (22) derived from open-aperture Z-scan
data.

F(z)=4VIn2 % w(z)® (22)
2
Where the beam radius can be given by equation (23)
2\ 271/
0(Z) = (0) {1 + (5> } @3)

o (0) is the focal spot radius, and A is the excitation wavelength. The
open-aperture curve for an on-axis input intensity of 2.46 x 102 W/m?
shows that the ETPI crystal exhibits optical limiting behaviour due to
reverse saturable absorption [59-61].

Fig. 16 shows the normalised transmittance versus input intensity
(W/m?), highlighting the material’s optical limiting properties with an
onset optical limiting threshold of 3.41 x 102 W/m? A lower threshold
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Fig. 16. Normalised transmittance vs Input intensity (W/m?).
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Table 5
Third-order NLO parameters of ETPI.

Sample Saturation Nonlinear Absorption Onset Optical

Name Intensity, Is x Coefficient, p x 1071° Limiting Threshold, x
10" W/m? m/W 10" W/m?

ETPI 39 0.84 3.41

increases the optical limiting effect. Table 5 lists the nonlinear optical
absorption coefficient (f8), saturation intensity (Is), and onset optical
limiting threshold for the title crystal, indicating that ETPI crystals are
suitable for protecting against high-intensity laser exposure [62-64].

4. Conclusion

A high-quality nonlinear optical single crystal of Ethyl-
triphenylphosphonium iodide hydrate was successfully grown using the
solvent evaporation method at ambient temperature, resulting in a
finely structured monoclinic crystal system. Comprehensive FT-IR
analysis enabled the determination of vibrational assignments and the
identification of the functional groups inherent in this novel material.
Notably, absorption studies demonstrated that the cutoff wavelength of
this crystal is precisely 280 nm, marking its potential for various optical
applications. Further investigations revealed minimal Urbach energy,
along with evaluations of the optical constants, underscoring the defect-
free crystalline nature and superior optical quality of the material. The
photoluminescence (PL) spectrum exhibited a distinct peak, indicating
the presence of remarkable violet fluorescence, which enhances the
material’s optical appeal. HR-SEM/EDAX provides insights into the
crystal’s structural characteristics. The recorded damage pattern in
response to laser exposure revealed a significant resistance, indicating a
power density threshold of 7.5 GW/cm?, demonstrating the crystal’s
robust performance under extreme conditions. In terms of electrical
properties, the observed photocurrent was found to be lower than that of
the dark current, suggesting a characteristic negative photoconductivity
nature, which is intriguing for its potential applications in electronic
devices. Thermal assessments indicated that the material exhibits
commendable thermal stability, with a melting point recorded at 170 °C.
Additionally, a systematic evaluation showed an exponential decline in
both the dielectric constant and dielectric loss across a varying tem-
perature spectrum as frequency increased, highlighting the material’s
efficiency in diverse electrical applications. Theoretical evaluations of
electronic polarizability further affirm the superior quality of the crystal.
Lastly, an in-depth assessment of the third-order nonlinear optical ab-
sorption coefficient and the optical limiting threshold was conducted
using advanced Z-scan analysis techniques, paving the way for prom-
ising applications in the fields of photonics and optoelectronics.
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