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Abstract
We report the influence of EDTA and DTPA on the optical and laser damage thresholds of industrially relevant 4-dimethyl-
amino-N-methyl stilbazolium tosylate (DAST) single crystals. Single crystal X-ray diffraction and powder X-ray diffraction 
studies substantiate that they crystallize in monoclinic system. The dopants facilitate tuning of the refractive indices and 
their optical conductivity. The laser damage threshold values of EDTA and DTPA-doped DAST crystals were found to be 
1.5 and 1.6 times higher than the pure DAST crystal. The voltage-dependant photoconducting studies performed at ambient 
conditions shows negative photoconducting nature for pure and EDTA-doped DAST crystals while positive photoconduct-
ing nature is noticed for DTPA-doped crystal. The etching studies demonstrate the quality of the doped DAST crystals is 
better than the pure one.

1 Introduction

During the twenty-first century, a lot of research interest is 
devoted to the investigation of nonlinear optical materials 
due to their attractive physical properties such as large ther-
mal stability, optical transparency, optical and mechanical 
stabilities leading to the realization of number of applica-
tions in industry [1–4]. The efficiency of NLO materials 
mainly depends on their ability for withstanding high power 
lasers sources [5]. In addition, the materials with large sec-
ond order nonlinearities (SHG), high thermal stability, better 
mechanical properties and larger transparency band width 
are very essential to realize number of applications. There-
fore, the synthesis of novel materials with enhanced NLO 
properties is of significant research interest. Among the non 
linear optical materials, inorganic materials like GaAs, InP 
and  LiNbO3 are widely utilized in number of optoelectronic 
devices because of their high mechanical strength, high melt-
ing point and chemical inertness, however, their optical non-
linearity is very low due to the lack of delocalized π-election 
in these materials [6, 7]. Therefore, alternatively, there is 

a great demand for organic crystals due to their high laser 
damage threshold, large optical nonlinearity, high electronic 
susceptibilities, larger photochemical stabilities, large pack-
ing densities, higher molecular polarizability, π-conjugated 
electron and flexibility [4, 8]. Developing and designing the 
organic molecular crystals with suitable acceptor and donor 
has turned into a big deal of consideration. For the last few 
years, much effort was taken towards the development of 
novel organic materials for THz generators and detectors 
with the suitable strengths such as high signal to noise ratio, 
high peak electric field and broad band width [9].

THz radiation is generated by several methods, such as 
optical rectification, difference frequency generation, pho-
toconductive switching, free electron laser and electro optic 
sampling [10, 11]. Organic ionic crystal of 4-dimethyl-
amino-N-methyl stilbazolium tosylate (DAST) is a potential 
material with higher nonlinear optical susceptibility, refrac-
tive index, electro optical (EO) coefficients, figure of merit, 
shorter response time and low dielectric constant among the 
currently existing organic crystals [12, 13]. The large NLO 
susceptibility of DAST crystal has fascinated a conceivable 
interest owing to the potential uses in high frequency electro 
optic modulation, frequency conversion, telecommunication, 
data storage, optical signal processing, molecular electron-
ics, laser remote sensing, integrated photonics, and Terahertz 
(THz) generation and detection [14]. Bulk size and good 
quality crystals are the prerequisite factors for designing 
devices for reliable applications but the growth of bulk size 
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DAST crystal without mis-orientation, imperfect surface, 
in-homogeneity and non-flatness state is quite a difficult 
task [12]. To overcome these difficulties, several research 
groups are involved in optimizing the growth techniques, 
which rendered a special focus on DAST crystal for various 
applications [15].

Ethylene diamine tetraacetic acid (EDTA) and Diethylene 
triamine pentaacetic acid (DTPA) are found to be excellent 
additives in the growth process due to their trace metal in 
the solution and controlling the formation of the clusters 
and nuclei by absorbing the metallic ion present in the mate-
rials. Moreover, EDTA forms ionized complexes with the 
metal ions impurities and reduce the chemical reactions. 
Similarly, the five acetate moieties of DTPA create a strong 
bond with the material and become more stable compared 
to EDTA [16, 17]. A very small amount of additives may 
significantly reduce the multi-nucleation and increase the 
quality of the single crystal [18]. Further, these additives 
increase the metastable zone width, growth rate, and reduce 
the secondary nucleations, which would enhance the quality 
of the crystals [16, 19].

This article demonstrates the growth of bulk size DAST 
crystal by the influence of additives (EDTA and DTPA). 
The crystals were successfully grown with good quality and 
bulk size by slow solvent evaporation technique at ambient 
temperature. The structural and crystal parameters of good 
quality grown crystals were recognized by single crystal 
(SXRD) and powder X-ray diffraction (PXRD) studies. The 
energy band gap and optical parameters were determined 
using UV–visible spectroscopy. Linear refractive indices of 
pure, DTPA and EDTA-doped DAST crystals were found to 
be 2.43, 2.51 and 2.60 at 800 nm. Laser damage threshold 
of EDTA and DTPA-doped DAST crystals showed a better 
performance than pure DAST crystals. The impact of charge 
carrier and life time of photons during light irradiation of 
pure and additives added DAST crystals has been enumer-
ated using photoconductivity analysis. The presence of crys-
tal defects and dislocations are examined by solvent etching 
technique and it reveals fewer dislocations in doped crystals.

2  Experimental details

2.1  Material preparation and crystal growth

DAST raw material was prepared by condensation of 4-pico-
line, methyl toluenesulphonate and 4-N,N-dimethylamino 
benzaldehyde with piperidine as catalyst according to the 
literature [20]. The final red precipitate was dried at 120 °C 
to get rid of chemisorbed water molecules and the purity 
was enhanced by repeated recrystallization process. The 
saturated DAST solution was prepared using methanol at 
ambient temperature and positioned for the growth. Simul-
taneously, required amount of additives EDTA and DTPA 
(0.001, 0.002 and 0.01 M) were added individually and 
stirred well with the DAST solution. The saturated solu-
tions were filtered and covered with a polyethylene sheet to 
control the rate of solvent evaporation and kept away from 
mechanical shake. After the period of over 23 days, the crys-
tals with the dimension of 8 × 7 × 1, 19 × 7 × 1 and 20 × 6 × 1 
 mm3 from the saturated solution with 0.001 M concentration 
were harvested (Fig. 1).

3  Results and discussion

3.1  Phase structural analysis

Structural parameters of the grown pure and doped DAST 
crystals were analyzed by SXRD and PXRD patterns. SXRD 
result reveals that the grown pure and doped DAST crys-
tals belongs to monoclinic structure and the corresponding 
lattice parameters were more agreement with the reported 
literature, which are tabulated in Table 1. PXRD patterns 
of the grown crystals were analyzed by Rich Seifert X-ray 
powder diffractometer with CuKα radiation (λ = 1.5408 Å) 
between the scattering angle of 10°–50° (Fig. 2). The well 
defined diffraction peaks authenticated the crystalline nature 
of grown DAST crystals.

Fig. 1  Photograph of pure, DTPA and EDTA added DAST single crystals
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However, the diffraction peak intensity of EDTA and 
DTPA-doped DAST crystals were slightly decreased due 
to the accumulation of additives in the crystalline structure, 
and a slight broadening was noticed in the of EDTA-doped 
DAST crystal which may be due to the presence of point 
defects and their aggregation. Such defects are common 
in all type of crystals including natural crystals which are 
unpreventable due to thermo dynamical conditions [4, 22]. 
Further, it is in clear vicinity that there are no additional 
peaks found in the X-ray diffraction pattern of EDTA and 
DTPA crystals, confirms that the structure of the DAST 
is not affected by the additives. The preferred orientation 
reflection peaks of pure and additives added DAST crystals 
are (111), (− 112), (020), (021), (022), (004), (023), (130), 
(-1-31), (132), (311), (133), and (00–6) respectively, which 
are in close resemblance with the literature reports [16, 23].

3.2  UV–Vis spectral analysis

To find out the transmission limit and to probe the suitability 
of the grown single crystals of DAST towards optical appli-
cations, the optical transmission measurements was made 

with Carry Varian 5000 spectrophotometer in the range of 
200–800 nm at room temperature. The absorption spectra 
of pure, DTPA and EDTA added DAST crystals with the 
thickness of 0.70, 0.69, and 0.71 mm are shown in Fig. 3a. 
In comparison with pure DAST crystal, DTPA and EDTA 
added DAST crystals show significant red shifts and exhibit 
a less percentage of optical absorption after 550 nm. In addi-
tion, cut-off wavelength of pure and additives added DAST 
crystals are obtained at 524, 526 and 540 nm, respectively, in 
the visible region which demonstrate the suitability of these 
crystals for frequency doubling and optoelectronic applica-
tions [24]. The optical absorption coefficient (α) was deter-
mined with the following relation, 

where, t and T are the thickness of the sample and transmit-
tance respectively. Moreover, band gap of the crystal is asso-
ciated with the atomic and electronic structures and opti-
cal energy gap of the pure, EDTA and DTPA added DAST 
crystals has been obtained by applying the Tauc relation 
given as [25].

where, ν is the photon’s frequency, h is Planck’s constant and 
A is the proportionality constant. Band gap of pure, DTPA 
and EDTA added DAST crystals are calculated by plotting 
(αhν) 1/2 versus hν as shown in Fig. 3b and extrapolating the 
linear portion near the onset absorption edge of the energy 
axis. The calculated band gap of grown crystals from Tauc 
plot were found to be 2.42, 2.46 and 2.35 eV for pure, DTPA 
and EDTA added DAST crystals respectively. This change 
in band gap is associated with various parameters including 
structural disorder, and lattice strain, wherein addition of 
dopants may enhance the density of localized states, thereby 
changing the band gap of the material [26]. The exhibited 
wide range of band gap energy values suggests the suitability 
of the grown crystals for optoelectronic applications [27].

The linear refractive index as a function of wavelength is 
crucial for developing NLO devices such as an electro-optic 
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Table 1  Lattice parameters of 
pure, EDTA and DTPA-doped 
DAST single crystals

Crystals Lattice parameters (Å)

a b c

SXRD PXRD SXRD PXRD SXRD PXRD

Pure DAST [21] 10.365 (3) – 11.322 (4) – 17.893 (4) –
Pure DAST 10.341 (12) 10.212 11.301 (13) 10.617 17.845 (20) 18.061
EDTA + DAST 10.397 (12) 10.337 11.319 (12) 11.408 17.893 (20) 17.957
DTPA + DAST 10.366 (13) 10.397 11.232 (12) 11.421 17.892 (12) 17.867

Fig. 2  Powder XRD pattern of pure, EDTA and DTPA-doped DAST 
crystals
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modulator, optical parametric oscillator and second har-
monic generator. Large refractive index materials has lots 
of application in optoelectronic device fabrication such as 
advanced display systems, organic light emitting diodes 

(OLEDs), anti-reflecting coating, power lenses, dispersive 
prisms and image sensors etc. [28]. The refractive index 
of a material is depends on wavelength of incident light, 
lattice mismatch, crystal composition, carrier density and 

Fig. 3  a UV–Vis absorption spectra. b Plot of (αhν) 1/2 versus hν. c Extinction coefficient. d Refractive index and e optical conductivity of pure 
and additives added DAST crystals
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temperature [29]. Moreover, refractive index is vital to cal-
culate the phase matching angles for NLO crystals [30]. The 
extinction coefficient (K) is obtained from the equation given 
as

where λ is the wavelength of the incident radiation. The 
obtained extinction coefficient of the pure, EDTA and 
DTPA-doped DAST crystals with respect to photon energy 
are shown in Fig. 3c. The reflectance of the crystal could be 
evaluated in terms of the absorption coefficient by applying 
the equation [31],

From the estimated reflectance value the refractive index 
of the material is evaluated using the expression [31],

Linear refractive indices (n) were calculated in terms 
of reflectance and the calculated linear refractive indices 
(Fig. 3d) of the pure, DTPA and EDTA added DAST crystals 
were found to be 2.43, 2.51 and 2.60 at the wavelength of 
800 nm. The calculated refractive index of pure DAST crys-
tal is found to be very close to the literature [21]. The result-
ant refractive index of additives doped DAST crystals shows 
higher values while comparing with pure DAST crystal due 
to the polarizability of the doped EDTA and DTPA atoms.

The optical conductivity is one of the significant tools to 
understand the electronic states in the materials. The optical 
conductivity (σoc) of a crystal mainly depends on the optical 
absorption coefficient through the following equation,

where C is the velocity of light. The optical conductivity 
against photon energy shows (Fig. 3e) an increasing trend 
with increase in photon energy and after the cut-off region 
it remains constant. However, the increase in optical con-
ductivity is due to the amount of photons absorbed and the 
excitation of electrons by incident photon energy.

3.3  Laser damage threshold (LDT)

The crystals’ stability against intense nanosecond/picosec-
onds laser pulses is one of the most significant prerequisites 
for materials used in nonlinear and optoelectronics industry. 
As the frequency conversion efficiency of nonlinear optical 
single crystal is not only depends on the optical properties 
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of the crystal, but also on the intensity of incident laser [14]. 
A tiny scratch or even a small contagion on the surface of 
the crystal can largely reduce the surface damage threshold 
range [32]. The LDT of a material depends on the pulse 
width, wavelength of laser beam, thermal conductivity, 
thermal diffusivity, quality of crystal surface, laser inten-
sity, density of effects, optical absorption and specific heat, 
etc. Hence, the thermal properties of the material play a 
vital role in LDT, which induces melting and decomposi-
tion due to the focus of high power laser. In particular, the 
thermal diffusivity of the crystal carries the surface tem-
perature rapidly through the crystal from high temperature 
region to lower temperature region, which help the crystals 
to withstand large power and prevent the crystal from ther-
mal damages [33].

In the present study, the samples used for LDT were cau-
tiously chosen from the grown crystals with best quality and 
less defects. Plate-like well-polished crystals of pure, EDTA 
and DTPA added DAST crystals with 1 mm in thickness 
were subjected for the LDT analysis. A Q-switched Nd:YAG 
laser light of 1064 nm wavelength with the repetition rate of 
10 Hz and pulse width 6 ns was focused on the (001) plane 
of the crystals using a convex lens with 15 cm focal length. 
The experiment was performed for pure; EDTA and DTPA 
added DAST crystals and the required energy to damage the 
crystal surface were measured as 69.2, 83.2 and 84.6 mJ. 
The laser damage threshold of the grown pure and addi-
tives added DAST crystal was calculated by applying the 
relation [34],

where, E is the applied input energy of laser (mJ), r is the 
radius of the circular laser spot size (mm), τ is the pulse 
width of the incident laser (ns).

Thus, the calculated laser damage threshold of grown 
pure, EDTA and DTPA-doped DAST crystals were found to 
be 2.71, 4.06 and 4.35 GW/cm2, respectively. The observed 

Laser damage threshold =
E

r2��

Table 2  Comparative analysis of LDT of DAST crystal with some 
benchmark crystals

Crystals LDT values (GW/cm− 2) References

BMP 4.16 [34]
KDP 0.20 [39]
BBO 5.0 [39]
Urea 1.5 [39]
L-tartaric acid 5.4 [40]
Pure DAST 2.8 [11]
Pure DAST 2.71 Present work
DAST + EDTA 4.06 Present work
DAST + DTPA 4.35 Present work
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LDT values of pure DAST crystals is in well agreement 
with the literature and it is compared with some well known 
benchmark organic and inorganic crystals (Table 2). The 
LDT values of EDTA and DTPA-doped DAST crystals are 
found to be 1.5 and 1.6 times higher (Fig. 4) than the pure 
DAST crystal, which shows better crystalline perfection, 
presence of less defects and higher mechanical stability 
[35–38].

3.4  Photoconductivity analysis of DAST crystal

Photoconductivity is a technique employed to understand the 
electrical and optical characteristics of materials when the 
electromagnetic radiation such as ultraviolet light, visible 
light or gamma radiations falls on the material’s surface. 
The carrier density, complex process of carrier generation, 
recombination, and trapping are the basic phenomenon to 
understand the photoconductivity nature of a material [41]. 
The dark current and photocurrent measurement of the 
grown crystals were evaluated with the help of KEITHLEY 
6487 picoammeter with the DC electric field at room tem-
perature. Thin copper electrodes are fixed on the well-pol-
ished crystal’s (001) surface using silver paste and sealed in 
vacuum chamber from all types of radiation and the applied 
input voltage was varied from 0 to 50 V (DC) in steps of 
2 V and the corresponding dark current was measured. Then 
the experiment was repeated with light radiation using a 
50 W halogen lamp and the resultant current was measured 
as photo current.

Figure 5a–c represents the change in photo current and 
dark current of the pure and doped DAST crystals at ambient 
temperature. It is noticed that the magnitude of dark current 
is larger than the photo current at all applied voltage for pure 
and EDTA-doped DAST crystals, which reveal the crystals 
exhibit negative photoconducting behavior which may be 
due to decrease in charge carriers and lifetime of photons 
during the light radiation [42, 43]. Since, the forbidden gap 
consisting of two energy levels, first one is among the con-
duction band and Fermi level, while the other one is near 
valence band. As the valence band has a more capture cross-
section for holes and electrons, the valence band captures the 
charge carriers from the conduction band; consequently the 
flow of current is reduced in the presence of light radiation. 
Moreover, the DTPA added DAST crystal exhibits posi-
tive photoconductivity by conducting less dark current than 
the photo current, which may be attributed to the induced 
mobile charge carriers by the absorption of photons [44]. 
The photosensitivity of the pure and doped DAST crystals 
were calculated from the following relation, 

where, σph and σdr are the amount of photocurrent and dark 
current generated by the samples, respectively. Due to the 
presence of dopant atoms in the lattice level, the grown 
EDTA and DTPA-doped DAST crystals exhibit high pho-
tosensitivity (Table 3), which reveals the grown crystals are 
much suitable for optoelectronic applications [45].

3.5  Etching analysis

Device fabrication demands good quality of the crystals 
with fewer defects. Etching is one of the simple and most 
powerful techniques for understanding the growth features 
of crystal such as grain boundaries, solvent inclusions, dislo-
cations, vacancy, cracks, stacking faults and microstructural 
imperfections, etc., which influence various physical prop-
erties such as mechanical strength and optical properties, 
etc. Thus, it is very essential to study the concentration of 
dislocations in the crystals [46, 47].

For this intention, the etching analysis was carried out for 
the grown pure, EDTA and DTPA-doped DAST crystals. 
The chemical etching was done by placing a drop of etch-
ant (methanol) over the crystal surface for a time interval 
(5 s) and the etchant is wiped with soft tissue paper before 
it is examined by a transmission optical microscope at 
100× magnification. The etch pattern of pure DAST crystal 

S =
�Ph

�dr

Fig. 4  Comparison of laser damage threshold of pure and additives 
added DAST crystal
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(Fig. 6a) shows a number of spherical, oval, rectangular, and 
some irregularly shaped and misaligned etch pits, while the 
EDTA and DTPA-doped DAST crystals (Fig. 6b, c) show 
smooth and linear layered well defined etch pits. In addi-
tion, the doped crystals illustrate very few etch pits, which 
is associated with the systematic arrangement of atoms or 
molecules. This confirms the quality of EDTA and DTPA-
doped DAST crystals are better than the pure DAST crystal.

Fig. 5  a–d Photoconductivity and photosensitivity of pure and doped DAST single crystals

Table 3  Photosensitivity of pure and doped DAST single crystals

S. no. Crystal Photosen-
sitivity (at 
20 V)

1 DAST 0.68
2 EDTA + DAST 0.80
3 DTPA + DAST 1.33
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4  Conclusions

A relatively bulk size organic DAST single crystals were 
grown in the presence of EDTA and DTPA by controlled 
solvent evaporation method at ambient temperature. Single 
crystal and powder crystal X-ray diffraction analysis results 
evidenced that grown crystals are in monoclinic structure. 
The optical band gaps of pure, EDTA and DTPA-doped 
DAST crystals were found to be 2.42, 2.46 and 2.35 eV, 
respectively. Linear refractive indices of pure, DTPA- and 
EDTA-doped DAST crystals were found to be 2.43, 2.51 and 
2.60 at 800 nm. DTPA added DAST crystal exhibits higher 
laser damage threshold than those of the other crystals. 
Photoconductivity study reveals that the pure and EDTA-
doped DAST crystals possesses negative photoconducting 
behaviour while DTPA-doped DAST crystal shows positive 
photoconducting behaviour. Enhanced crystalline perfection 
of EDTA and DTPA-doped DAST crystal is evident from 
the etch patterns.
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