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In current study, crystals of sulfamic acid (SA) and glycine-doped SA are being
cultivated using the slow solvent evaporation technique to investigate glycine
impact on linear-nonlinear optical, dielectric and microhardness traits of SA
crystal. The crystallographic details of SA and glycine-doped (G-SA) have been
determined via single crystal X-ray diffraction technique, catering structural
insights. The qualitative analysis of glycine-doped SA has been done by using
FTIR analysis. Optical transmittance enhancement in SA due to glycine is
assessed from 200-1100 nm by means of UV-visible transmittance analysis.
Glycine effect on second harmonic generation (SHG) efficiency and third-order
nonlinear optical (TONLO) response are deduced through Kurtz-Perry powder
test and Z-scan analysis. TONLO attributes have been comparatively examined
exploring the close and open aperture Z-scan configurations and find the
TONLO parameters of G-SA crystal. Comparative laser damage threshold
analysis is performed using a 1064 nm Nd: YAG laser. The dielectric responses
of SA and G-SA are evaluated within temperature range 30-90 °C. The Vickers
microhardness analysis gauges the mechanical strength of SA and G-SA
crystals.
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1. Introduction

Nonlinear optics is a globally acknowledged field that drives the advancement of cutting-
edge technological applications reliant on nonlinear optical (NLO) crystals crafted from
novel hybrid materials (organic/inorganic/semiorganic). Among the diverse array of material
classes, inorganic crystals hold a particular allure due to their multifaceted structural,
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physical, and mechanical attributes. Additionally, their possession of a modest nonlinear
response garners significant attention in the realm of NLO device applications. Sulfamic acid
(SA) emerges as an intriguing that crystallizes into an orthorhombic structure, boasting
optical, mechanical, thermal and dielectric properties. These qualities have inspired our
research group to embark on a reinvestigation of this crystal through the incorporation of
additives. In recent years, the practice of doping additives into SA crystals has played a
pivotal role in enhancing the inherent properties of SAcrystal[1-7]. The introduction of
glycine into SA, in particular, emerges as a noteworthy additive capable of effectively
tailoring the properties of SA [5-12]. Glycine, being the simplest amino acid with a zwitter
ionic nature and pronounced charge polarization ability, as evidenced in the literature
[1,13,14], holds the potential to exert a profound impact on the technologically significant
traits of the SA crystal. Numerous researchers have delved into the effects amino acids.
Notably, a group of researcher have documented the influence of L-Lysine hydrochloride on
SA crystal [15]. Likewise, the impact of valine on optical, electrical, and mechanical
characteristics in SA crystal has been elucidated by Fredseline et al. [16]. Similar to this
effects of proline doping in SA is studied by Fredseline et al [16]. To the extent of our
present knowledge, a notable void exists within the literature concerning a comprehensive
exploration encompassing the linear and nonlinear optical, electrical, mechanical, and
thermal characteristics displayed by glycine-doped SA crystals. It is discovered that there
have been no findings regarding the improvement of SHG effectiveness following the
doping of amino acids in SA crystals. Within the confines of this discourse, we introduce a
thorough investigation, intricately dissecting the ramifications of glycine on the complete
range of linear and nonlinear attributes intrinsic to SA crystals. Our research team has been
the first to document the improved SHG performance of glycine-doped SA crystal. This
undertaking serves to conspicuously underscore the substantial implications that arise,
particularly in the context of distinct applications within nonlinear optics devices. In this
study, our comprehensive investigation delved into the cultivation and analysis of sulfamic
acid (SA) and glycine-doped SA crystals. Through meticulous techniques, we unraveled the
profound impact of glycine on a spectrum of properties, spanning linear and nonlinear optics,
dielectric responses, micro hardness, and etching behaviors. The X-ray diffraction and FTIR
analysis provided a detailed understanding of structural arrangements and qualitative
compositional traits. Notably, glycine's influence on optical enhancement, second harmonic
generation and third-order nonlinear optical response was rigorously assessed. The laser
damage threshold, temperature-dependent dielectric behavior and mechanical strength were
also thoroughly examined. This collective exploration offers valuable insights into the
potential applications and technological advancements of SA and glycine-doped SA crystals.

2. Materials and Methods
2.1 Methods of Experimental Analysis

Sulfamic acid (SA) was subjected to a dissolution process through HPLC, whereby it was
gradually dissolved in two separate beakers, each containing 200 ml of deionized water. This
method aimed to procure a saturated solution. In one of these beakers, a molar equivalent of
glycine was introduced to the saturated SA solution. Subsequently, a stirring period of 4h
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ensued, ensuring the thorough and uniform amalgamation of glycine within the SA solution.
To promote the formation of crystals through gradual solvent evaporation and facilitate
crystal nucleation, the beaker accommodating the saturated pristine SA solution, as well as
the one with the glycine-doped SA solution, were placed within a controlled temperature
environment. Over a span of 20 days, single crystals of both SA and glycine-doped SA (G-
SA) were allowed to develop, as illustrated in Fig 1.
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Fig 1(a) Crystal of SA Figl (b) Crystal of G- SA
2.2 Methods of Characterization

The EnrafNonius CAD4 single crystal X-ray diffractometer was used to perform intricate
X-ray diffraction analysis on an individual crystal specimen. Using a Bruker Alpha ATR
spectrometer, the FTIR spectrum was meticulously recorded across a broad spectral range
from 500 to 4000 cm™. The UV-visible spectrum, spanning from 200 to 1100 nm, was
analysed using the SHIMADZU UV-1600 spectrophotometer. The determination of the
second harmonic generation (SHG) response was orchestrated by harnessing the capabilities
of a Q-switched Nd: YAG laser, which operated at a wavelength of 1064 nm, featuring
meticulous parameters such as an 8 nm bandwidth, a repetition rate of 10 Hz, and a power
output of 2.4 mW. Concurrently, the Z-scan analysis was executed by employing a
continuous wave He-Ne laser operating at 632.8 nm. This was accompanied by the precise
calibration of optical factors, encompassing a beam waist radius (ma) measuring 1 mm, an
optical path distance (Z) extending to 115 c¢cm, a focal length of the converging lens (f)
established at 20 cm, an aperture radius (ra) of 1 mm, and concentrated beam intensity (10)
of 3.8217 KW/cm?. The quantification of the laser damage threshold energy was attained by
enlisting a Nd:YAG laser crafted by Litron, emitting at a wavelength of 1064 nm. This
procedure was conducted in conjunction with a converging lens endowed with a focal length
(f) measuring 30 cm. The quantification of power was meticulously executed through the
utilization of the EPM 200 energy/power meter. In the pursuit of dielectric analysis, varying
temperatures of 30, 60, and 90 degrees Celsius were applied, and the instrument of choice
was the HIOKI-3532 LCR meter, meticulously selected for this purpose. The determination
of micro hardness properties was realized through the diligent application of the HMV-2T
micro hardness tester. Furthermore, a detailed chemical etching analysis was undertaken,
involving the meticulous capture of images at a magnification level of 40X, a task
accomplished through the utilization of a microscope manufactured by the esteemed brand,
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Micron.

3. Result and Discussion
3.1 XRD
Characterization of pure and G-SA crystals through single crystal X-ray diffraction analysis.

Thorough examination via XRD analysis has been meticulously executed to uncover the
intricate crystallographic attributes inherent within both pure and G-SA crystals. The
resulting XRD data has been meticulously compiled and organized elegantly presented
within Table 1. Notably, this comprehensive data presentation unequivocally demonstrates
the alignment of the scrutinized crystals with the orthorhombic crystal system. Furthermore,
the insightful elucidation of the inherent space group for these crystals reveals a definitive
assignment to the Pbca classification. A remarkable observation emerges from the
comparison of unit cell parameters between the G-SA and SA crystals, unveiling subtle yet
consequential alterations. This observation, in turn, serves as a compelling testament to the
discernible influence exerted by glycine upon the crystalline lattice of SA.

Table 1: Comprehensive Data from Single Crystal X-ray Diffraction (XRD) Analysis

Crystal Structure Unit cell (A) Volume (A)? Space group
SA Orthorhombic a=28.073,b=8.105,¢c=9.25 605.243 Pbca
G-SA Orthorhombic a=8.079,b=8.110,c =9.27 607.377 Pbca

3.2 FTIR Analysis:

Fig. 2 presents the transmittance FT-IR spectrum acquired from the cultured Glycine-doped
S-A crystal. A meticulous scrutiny of the spectrum unveils prominent and distinct bands that
correspond to specific modes of bonding. Particularly, the NHs* bonding mode becomes
manifest with discernible peaks at frequencies of 3119 cm™ and 2881 cm™. Moreover, the
presence of the OH stretching phenomenon is conspicuously evident, characterized by a
distinctive band appearing at 2168 cm*. Noteworthy is the identification of the NHs* mode
of vibration deformation, perceptibly captured by the distinctive band observed at 1532 cm™.
Furthermore, vibrations attributed to the degenerated SOs stretching become discernible at
1230 cm!, while symmetric SO3 stretching resonates at 1113 cm™. The astute observation of
the rocking mode vibration NHs* at 954 cm™ substantially reinforces the genuine existence of
zwitterions within the crystalline framework of the glycine SA compound. A salient addition
is the identification of the N-S stretching vibration, eloquently captured at 660 cm™.
Remarkably, all the observable infrared bands within the cultivated crystals seamlessly align
with previously documented findings and exhibit a remarkable consistency with theoretically
computed vibrational bands. This congruence unequivocally underscores the reliability and
accuracy of the outcomes [17].
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Fig 2. FTIR spectra of glycine SA crystal
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Fig. 3. (a) Transmittance spectrum (b) SHG response

The UV-visible spectrum, whether analyzed through transmittance or absorbance, emerges
as a comprehensive manifestation of the intricate interplay between incident light and the
optically active constituents, as well as the structural or crystalline imperfections inherent
within the crystal lattice. This spectrum inherently acts as a blueprint, unravelling the
intricate energy transitions intrinsic to the crystal and encapsulating the essence of its optical
characteristics. Within this context, the transmittance spectrum of both SA and G-SA
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crystals, offered by a thickness of 2 mm, has been assiduously documented and visually
presented within Fig 3a. Evidently, this spectrum unveils an expanded window of
transmission, characterized by a transmittance percentage of 62% for SA, which is notably
elevated to 78% for the G-SA variant. The discernible manifestation of scattering or
absorption of incident UV-visible light within the crystal matrix finds its origin in a
confluence of internal factors, encompassing voids, defects, and grain boundaries, in tandem
with external variables related to the crystal's geometric dimensions and orientation upon the
crystal plane [18,19]. It is notable that the transmittance of the SA crystal undergoes a
remarkable augmentation of 16% upon the introduction of glycine. This enhancement is
attributed to inherent low absorption capacity of glycine, culminating in t

he amelioration of defect centers within the crystalline structure of G-SA. Such a substantial
improvement assumes paramount significance, positioning the G-SA crystal as an
exceedingly enticing candidate for non-linear optical (NLO) device applications [20].

3.4 SHG Analysis:

The emergence of second-order nonlinear optical (SONLO) activity in non-Centro
symmetric solid materials intricately hinges upon the susceptibility ()?), an effect induced by
the absorption of specific optical energy upon the irradiation of the sample. This SONLO
response materializes as second harmonic generation (SHG) efficiency, a measurable
attribute rigorously determined via the established Kurtz-Perry powder test [21]. In pursuit of
this analysis, finely powdered samples of SA and G-SA were sieved and encapsulated within
micro capillary tube of consistent bore, positioned within the optical path. Employing a Q-
switched mode Nd:YAG laser in a multi-shot configuration directed at each respective
sample, the resulting output power was quantified, as graphically represented in Fig. 3b. The
empirical assessment culminated in an output power of 5.32 mW for SA and 8.61 mW for G-
SA. Consequently, the SHG efficiency of the G-SA crystal outperformed that of SA by 1.61
times higher, a substantial enhancement attributed to inherent zwitterionic attributes
introduced by the glycine dopant. This augmented SHG response is aptly juxtaposed against
relevant literature benchmarks, elucidated within Table 2. Given its promising potential for
second-order nonlinear optical activity, the G-SA crystal assumes a position of paramount
significance within the realm of nonlinear optical (NLO) device applications.

Table 2: Comparative SHG efficiency analysis

Crystal SHG signal
G-SA 8.61 mwW
SA 5.32 mW

3.5 Z-Scan Analysis

The pioneering work of Bahae et al. introduced the Z-scan technique [22], an autonomous
methodology uniquely tailored for the comprehensive assessment of third-order nonlinear
optical (TONLO) traits. This encompasses fundamental attributes such as the absorption
coefficient (B), refractive index (n?), and cubic susceptibility (33) of the material. Through
strategic integration of both close and open aperture schemes with a photodetector, the Z-
scan configuration was meticulously established. This strategic arrangement yielded an
intricate Z-scan transmittance (ZT) profile exclusively for the G-SA crystal. This distinctive
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profile served as the cornerstone for the nuanced evaluation of the nature of n? and P
characteristics, consequently furnishing invaluable insights into the intricate nonlinear
optical attributes inherent to the G-SA crystal.
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Fig. 4. ZT profile observed through (a) close and (b) open aperture

Fig. 4a and 4b illustrate the intricate dynamics of the close and open aperture Z-scan
transmittance (ZT) profiles of the CS:G crystal. Notably, these profiles unveil a striking
trend wherein the G-SA crystal manifests an augmentation in transmittance as the crystal is
systematically translated from negative to positive positions relative to the focal point. This
intriguing behavior inherently signals the positive nature of the nonlinear refractive index
(n2) intrinsic to the crystal's composition. The origin of this phenomenon resides in the
irradiation of a high-frequency beam upon the crystal's surface, thereby inciting a remarkable
anisotropic thermal lensing effect that attains prominence particularly at the nanoscale laser
source regime. This affirmative n,, duly facilitating a self-focusing (converging) influence,
engenders a noteworthy Kerr lens mode-locking (KLM) phenomenon. The strategic
exploitation of this effect bears substantial significance, especially in the realm of
constructing laser stabilization mechanisms and fostering the generation of ultrafast pulses
[1,22]. Moreover, the conspicuously intriguing open aperture ZT profile unveils a distinct
pattern characterized by its minimal transmittance at the focal point, gradually yielding to a
noteworthy increment as one progresses towards the peripheral regions. This remarkable

pattern mirrors the intricate characteristics synonymous with a reverse saturable absorption
(RSA) profile. The manifestation of RSA aptly signifies a nonlinear absorption mechanism
spurred by the interplay of multi-photon absorption (MPA) and excited state absorption
(ESA) processes. The substantial RSA effect exhibited by the G-SA crystal effectively
positions it as an enticing and auspicious contender for a range of applications spanning the
optical limiting and biomedical domains [23,24].The analysis of * aids to establish the
interdependency of polarizing nature and high intermolecular charge transfer and its
magnitude has been determined by evaluating severalequations given in literature such as,

AT, , =0.406(1—S)***|Ag|, where A® (phase shift), AT, (peak-valley transmittance), S

= [1-exp (-2r.%/m,?)] is linear aperture transmittance, r, is aperture radius and wa. iS beam
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Ag

radius at aperture. The magnitude of n; is determined using formula,n, = ——

0 Leff
2n /A (M is laser wavelength), Io is intensity of laser beam at focus (Z=0), L. = ([1-exp (-
al)]/a), is effective thickness of crystal sample which depends on linear absorption
coefficient (o) and L thickness of sample. The p value of crystal has been calculated using

22AT

0 —eff
crystal was evaluated using, Re ¥ (esu) =107 (,C°n,’n,) / (cm® /W),

,where K =

formula, g = ,where AT is one valley value at open aperture ZT. The y° of G-SA

Im 2 (est) =10 (e,Cn2AB) /47 (@mIW) 7 = J(Re @) + (im 7Y , where

€o IS vacuum permittivity, no is linear refractive index of sample and C is velocity of light in
vacuum [22]. The impressive third-order nonlinear optical parameters exhibited by the SA
and G-SA crystals are judiciously delineated within Table 3. These crystals, serving as
beacons of promising TONLO attributes, proffer multifaceted potential across diverse
domains, encompassing micro photolithography, holographic data storage, optical limiters,
as well as photonic and optical sensor devices[25-27].

Table 3. TONLO parameter

Crystal n, (cm?/W) B (cm/W) 1 (esu) Reference
SA 4.09x10° 3.81x10° 8.74x10° [12]
G-SA 3.66x10° 2.37x10® 9.01x10° Present

3.6 Laser Damage Threshold

A profound understanding of the laser damage threshold (LDT) is pivotal for realizing the
full potential of crystals in laser-driven photonics devices. The LDT is influenced by a
myriad of factors, encompassing: (a) the presence of structural defects such as fractures, pits,
cracks, scratches, and voids, (b) laser-specific parameters including pulse duration, fluence,
and pulse rate, and (c) optical phenomena such as linear absorption, multiphoton absorption,
stimulated Brillouin scattering, stimulated Raman scattering, and electron avalanche
breakdown. In the context of the present investigation, both SA and G-SA crystals
underwent exposure to a series of laser pulses, each spanning 10 seconds, thereby facilitating
the observation of the crystals' damage thresholds. The initiation of surface damage is
attributed to a synergistic interplay between thermally activated electron avalanches, photo-
ionization of material, and multi-photon absorption processes. These intricate phenomena
arise due to the localized irradiation of the laser beam, culminating in a cumulative effect.
The ensuing damage materializes at the crystal's surface, materializing as fractures, cracks,
melting, decomposition, and fusion [1]. The specific LDT values experienced by the SA and
G-SA crystals have been meticulously documented and are comprehensively presented in
Table 4. It is noteworthy that the tabulated data unequivocally demonstrates the
susceptibility of the SA crystal to damage, occurring at an energy threshold of 85 mJ. In
stark contrast, the G-SA crystal showcases a pronouncedly elevated resilience, enduring up
to 110 mJ prior to the manifestation of damage. This profound disparity serves to underscore
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a substantial enhancement in the laser damage threshold energy of the G-SA crystal—an
impressive 129% increment when compared to its SA counterpart. Evidently, the strategic
introduction of glycine as a dopant has emerged as a potent strategy for bolstering the laser
damage threshold capabilities of the SA crystal, thereby augmenting its suitability for laser-
driven applications.

Table 4. Laser damage threshold (LDT) data

Crystal Shot Mode Shot duration Energy Effect

SA Multiple 10 seconds 45mJ No damage
10 seconds 70mJ No damage
7 seconds 85 mJ Damaged

G-SA Multiple 10 seconds 40mJ No damage
10 seconds 60 mJ No damage
10 second 90 mJ No damage
6 seconds 110mJ Damaged

3.7 Dielectric Studies

The dielectric investigation serves as a methodological avenue for elucidating the potential
utility of crystals across a diverse spectrum of technological domains, encompassing but not
confined to the realms of electro-optics, photonics, and optoelectronics. In the present
scholarly inquiry, a meticulous exploration of the dielectric response has been meticulously
undertaken, spanning a thermal range spanning from 30 to 90 °C, with a probing frequency
of 100 kilohertz. The intricate dielectric attributes, notably the dielectric constant (expressed
as & = Cd/eoA, wherein C symbolizes capacitance, d signifies the thickness of the specimen,
A denotes the area of the sample, and €0 stands as the permittivity of free space), and the
dielectric loss (designated as & = tan"}(e//g0)), have been graphically represented for both the
SA and G-SA crystals in Fig. 5a and 5b, respectively. The manifestation of & finds
explication in distinct polarization mechanisms, embracing electronic, ionic, dipolar, and
space charge polarization (SCP), each evincing an acute susceptibility to variations in
frequency and temperature. Scrutinizing Fig 5a, a conspicuous elevation in the & values of
both SA and G-SA crystals is discernible with an ascent in temperature. This phenomenon
can be ascribed to the waning responsiveness of the polarization mechanism at lower thermal
regimes, while at elevated temperatures, the amplification in &, primarily derives impetus
from the ascendancy of SCP, a supposition corroborated by antecedent investigations
[28,29]. Notably, the ¢ attributed to the G-SA crystal exhibits a discernibly inferior
magnitude compared to its SA crystal counterpart, thereby underscoring the discernible
influence exerted by glycine upon the dielectric constant of the SA crystal. The inquiry casts
a spotlight upon crystals endowed with attributes such as porosity, defects, micro-macro
fissures, and stochastic surface undulations, concomitant with the presence of grain
boundaries, which conspicuously manifest in the & values [28-31]. Fig. 5b elucidates a
strikingly congruent graphical correspondence between the & values and the dielectric
constant of the cultivated crystals. Although both the SA and G-SA crystals evince an
escalated 6 with mounting temperature, the & value associated with the G-SA crystal remains
appreciably subjugated in relation to its SA crystal analogue. This divergence serves as an
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indicative compass directing attention to the pivotal role assumed by glycine in the
amelioration of electrically active defects within the G-SA crystal, thereby engendering a
diminished & value. Consequently, the G-SA crystal, with its concurrent lower & and o
attributes, emerges as a preeminent contender vis-a-vis the SA crystal. In summation, the
exhaustive dielectric scrutiny not only illuminates the intricate choreography of polarization
mechanisms along with their concomitant thermal sensibilities but also accentuates the
propitious attributes intrinsic to the G-SA crystal, characterized by diminished dielectric loss
and augmented dielectric constant. This comparison substantiates the G-SA crystal's
propitious standing as a front-runner for envisaged application within the ambit of
optoelectronic devices.
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Fig. 5. Temperature dependent response of (a) dielectric constant (b) dielectric loss
3.8 Micro hardness studies

A comparative Vicker’smicrohardness analysis has been employed within 25-100 gm to
investigate variation in hardness number (Hy = 1.8544 P/d?> Kg/mm? where P is applied load
ingm, d is diagonal length in mm), Mayer’s index (n) and elastic stiffness coefficient (C11) of
SA and G-SA crystal.
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The hardness variations (Hv = 1.8544 P/d? Kg/mm2, with P denoting the applied load in gm
and d representing diagonal length in mm) are visually presented in Fig 6a. The graphical
depiction unveils a proportional increase in the hardness value (Hv) for both the SA and G-
SA crystals, corresponding to the escalating applied indented load, thus validating the
emergence of the reverse indentation size effect (RISE) [32]. Importantly, the Hv of the G-
SA crystal markedly surpasses that of the SA crystal, signifying that the G-SA crystal
demands a greater stress magnitude to induce deformation in contrast to the SA crystal.
Material classification into the categories of hardness or softness is unveiled through the
determination of the Meyer's index (n), derived from the slope of the logarithmic plot of
applied load (log P) against the logarithm of diagonal length (log d), depicted in Figure 6b.
Research by Onitsch substantiated that a material falls under the domain of (i) softness if n >
2, and (ii) hardness if n < 2 [33]. The observed n value surpasses 2, thereby confirming the
soft nature of both the SA and G-SA crystals. The trajectory of the elastic stiffness
coefficient (C11) is showcased in Figure 6c¢, enabling an assessment of the intermolecular
bond strength amidst neighbouring atoms [34]. Evidently, an increament in the applied load
is associated with a proportional enhancement in the magnitude of Ci;. Additionally, it is
noteworthy that the value of Cy; attributed to the SA crystal markedly exceeds that of the G-
SA crystal. Given the remarkable hardness attributes inherent in the G-SA crystal, it assumes
a pivotal role in the design of mechanically resilient devices.

4. Conclusion

A single crystal of glycine was formed after being doped in SA and it underwent several
characterizations. Single crystal X-ray diffraction (XRD) determined unit cell dimensions,
confirming orthorhombic crystal structure and Pbca space group for SA and G-SA crystals.
FTIR analysis validated functional groups in SA and glycine-doped SA. UV-visible spectral
analysis (200-1100 nm) showed glycine increased SA transmittance by 16%. Enhanced
second SHG of G-SA was 1.61 times SA. Z-scan analysis confirmed promising two-photon
nonlinear optical (TONLO) response of G-SA, modifying SA's negative nonlinear refractive
index (n2) and absorption to positive n, and reverse saturable absorption. G-SA exhibited
higher laser damage threshold (110 mJ) than SA (85 mJ). Dielectric studies revealed glycine
significantly reduced SA's dielectric constant and loss, beneficial for optoelectronic devices.
Vickers micro hardness analysis indicated glycine enhanced SA's mechanical strength.
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