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Introduction

Nonlinear optical properties (NLO) of different materials are 
being explored in depth and are of major value due to their 
potential applications in a variety of aspects of science and 
informatics. Organic NLO materials are being extended to 
polymers, which have piqued the interest of NLO research-
ers due to their high delocalized π-electron systems, fast 
response and large optical nonlinearities. Such functional 
NLO materials are of special interest in optical communica-
tions, optical storage, optical computing, harmonic genera-
tion, optical switching, and optical power limiting [1–6]. 
Organic dyes are encapsulated in polymer which create a 
new type of material with strong nonlinear and linear optical 
characteristics. Polymer-based systems have a high optical 
damage threshold, are transparent, and have a cheap process-
ing cost. Polyvinyl alcohol (PVA) is a viable contender for 
opto-electronic applications because of its facile film form-
ing ability, simplicity of insertion of dopants, sensing prop-
erty, biocompatibility, and capacity to encapsulate unstable 
nanoparticles [7]. Several studies on the impregnation of 
organic dyes with polymers to produce films with anticipated 
optical characteristics have been reported in the literature. 
PVA–Au [8], Eosin Y–PVA and Eriochrome black T–PVA 
[9], PVA–TiO2–CDs [10], Thiazole yellow G–PVA [11], red 
BS dye–PVA [12] and Zn O–PVA [13] are only a few of the 
synthetic dyes that have been recently studied. Similarly, 
poly(methyl methacrylate) (PMMA), polyethylene glycol 
(PEG) and other host materials have been used in the major-
ity of dye-doped composites studies [14, 15]. Low mechani-
cal strength, thermal instability and solvent volatility are all 
described as constraints for the synthetic dyes.

Acid green 50 (AG 50), a triarylmethane (TAM) dye, was 
chosen as the experimental dye for this study. TAM dyes 
are important class of synthetic organic dyes, which have 
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a highly delocalized π-conjugated electron system in both 
central carbon atom and the substituents on the aryl rings. 
These dyes have massive applications in optical switching, 
organic light emitting diodes, photovoltaic devices, photo-
catalysis, chemical biology, pharmaceutical chemistry, light 
harvesting systems and in nano technology [16, 17]. This 
AG 50 dye is suited for NLO research, because its structure 
comprises of electron donating and accepting groups. Due 
to the presence of electron donating groups in its structure, 
the dipole moment is significant, resulting in increased third-
order nonlinearity. The optical nonlinearity of AG 50 dye 
can be increased owing to the structure flexibility.

Presently, laser pulses are effectively attenuated by 
organic materials, which protect human eyes and optical 
components from powerful light beams. These materials are 
intriguing due to their flexibility and transparency, as well as 
their ease of fabrication. An optical limiter greatly attenuates 
high-intensity laser pulses while remaining perfectly trans-
parent at lower light levels. The output laser beam intensity 
saturates a certain intensity termed the limiting threshold, 
and the output laser beam intensity becomes clamped over 
the threshold. Even laser pointers with power ranges of 1–5 
mW can injure the human eye if directly exposed for less 
than 0.25 s, mandating the usage of optical power limit-
ers for low power CW lasers [18]. The delocalization of 
π-electrons has a strong relationship with the optical limiting 
behavior of organic compounds. An optical limiter can be 
made using a variety of nonlinear methods such as nonlinear 
absorption processes such as two photon absorption (TPA), 
free carrier absorption (FCA), saturable absorption (SA), 
reverse saturable absorption (RSA), and nonlinear refrac-
tion processes such as self-focusing, self-defocusing, photo 
refraction and optically induced scattering [19].

The present article is focused on the nonlinear absorption 
coefficient β (NLA) and optical limiting behavior of AG 
50–PVA composite films using a CW diode laser radiation at 
635 nm wavelength of 5 mW output power. NLA investiga-
tions reveal that the AG 50–PVA film have reverse saturable 
absorption (RSA) due to excited state absorption (ESA). The 
transparency and eco-friendly films of AG 50–PVA compos-
ites could be used in optoelectronic devices because of its 
tunable linear and nonlinear absorbance.

Experimental details

Materials

The polymer polyvinylalchol (PVA) with molecular weight 
of 125000 g mol−1, the degree of hydrolysis of 86-89% (par-
tially hydrolyzed grade) was purchased from Sigma Aldrich 
corporation, India and used as a host material for the present 
study. AG 50 dye (C27H25N2NaO7S2) is a synthetic organic 

dye belongs to triarylmethane class with a molecular weight 
of 576.61 g mol−1 and the molecular structure of AG 50 dye 
is shown in Fig. 1.

Preparation of AG 50–PVA composite films

AG 50 dye‒PVA composite films are prepared by solution 
casting technique. The PVA solution was prepared by dis-
persing 2 g of PVA powder in 100 ml of distilled water using 
a magnetic stirrer for 2 hours at 90°C/800 rpm without leav-
ing any residues. In addition, different concentrations of AG 
50 dye (0.01 mM, 0.02mM and 0.03 mM) were weighed and 
mixed with PVA solution and stirred for an hour to obtain a 
uniform solution. After that, the resulting mixture solution 
then casts onto the microslide glass plates and glass sub-
strate was kept in a dark, clean environment for the forma-
tion of films. The good quality of films were obtained and 
further characterization studies were carried out.

Characterization methods

AG 50 dye‒PVA composite thin films were examined by 
using a Perkin Elmer Lambda 35 spectrophotometer to meas-
ure the linear optical absorption. The crystal structure of AG 
50 dye‒PVA composite films were explored by PANalytical 
x-ray diffractometer using Cu-Kα radiation of wavelength 
1.5406 Å in the 2θ range of 10‒90° with stepping interval of 
0.01°. FTIR spectra of AG 50‒PVA composites in the range 
of 4000‒400 cm-1 were collected on a Perkin-Elmer infrared 
spectrometer with an attenuated total reflectance (ATR). The 
morphology studies of AG 50‒PVA composites were carried 
out using a scanning electron microscope (SEM) (CAREL 
ZEISS-EVO 18).

Mansoor Sheik Bahae et  al., developed the simple 
Z-scan approach [20] which is extremely sensitive and 

Fig. 1   Chemical structure and molecular formula of Acid green 50 
dye
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straightforward was used for determining nonlinear optical 
properties of the material. This method can be used to calcu-
late the sign and magnitude of the real and imaginary parts 
of third-order nonlinear optical susceptibility (χ(3)). The non-
linear optical absorption of AG 50‒PVA composite films 
were examined using the open aperture (OA) Z-scan tech-
nique and illustrated in Fig. 2. The Z-scan method uses dis-
tortions in the spatial and temporal profile of the input laser 
beam as it passes through the sample to provide a descrip-
tive and analytical measure of nonlinearities in the material 
medium. In the present work, we employed Z-scan measure-
ments with continuous wave (CW) laser of Gaussian beam 
profile having 635 nm wavelength of 5 mW output power. 
The laser beam was tightly focused with the convex lens of 
5 cm focal length, the beam size and the Rayleigh length 
(ZR) are measured to be 16.75 μm and 1.38 mm, respec-
tively. The input intensity of the laser beam at the focus 
was found to be of 1.135×103 Wcm−2. An optical power 
meter (Field MasterTM GS, Coherent) was used to evaluate 
the beam transmittance through a sample without aperture. 
In the present case, the condition for the Rayleigh length 
ZR>L is achieved, hence the thin sample approximation is 
reasonably acceptable. The sample was placed at the focal 
plane of the lens in the same Z-scan experiment for optical 
power limiting measurements. A neutral density (ND) filter 
was used to vary the input intensity of the laser beam and the 
corresponding transmitted laser intensity through the sample 
was measured with an optical power meter.

Results and discussion

UV–visible studies

The linear absorption spectra of the aqueous solution of AG 
50 dye (dotted lines), AG 50‒PVA composite films at dif-
ferent dye concentrations of 0.01 mM, 0.02 mM and 0.03 
mM respectively and pure PVA (inset) are shown in Fig. 3. 
From these figures we can infer that the absorption spectra 
of aqueous solution of AG 50 dye exhibit a broad absorption 
band with two peaks, which are located at wavelengths 372 
nm and 634 nm and an absorbance of AG 50‒PVA films are 
of 385 nm and 650 nm, respectively. There is a modest red 

shift of 14 nm in the absorption spectra when compared to 
both aqueous solution of AG 50 dye and AG 50‒PVA com-
posite films. The first absorbance spectra of both aqueous 
solution of AG 50 dye and AG 50‒PVA films (i.e., 372 nm 
and 385 nm) are assigned to π-π* transitions which is due 
to the presence of π conjugated electrons in the aromatic 
rings [21, 22]. Similarly, the second absorbance spectra 
wavelength 634 nm and 650 nm are assigned to n-π*, π-π* 
transitions due to the excitation of C=O, C=C groups with 
electron donor and acceptor groups due to intermolecular 
hydrogen bonding between PVA and AG 50 dye molecule.

XRD studies

The XRD patterns of AG 50‒PVA composite films with dye 
concentrations of 0.01 mM, 0.02 mM, and 0.03 mM, as well 
as pure PVA film (inset) and AG 50 dye molecules in powder 
form (inset) are shown in Fig. 4. The pure PVA (inset) dif-
fraction pattern shows a diffraction band about 2θ = 19.52° 
(corresponding to 110 plane) indicating that it is semicrys-
talline. This could be owing to significant intramolecular 
hydrogen bonding in individual PVA monomer units and 
intermolecular hydrogen bonding between monomer units. 
The AG 50 dye in powder form has multiple strong peaks 
at 2θ values of 31.72°,45.34°,56.29°66.26° and 75°, corre-
sponding to the following lattice planes (200), (220), (222), 
(400) and (420) respectively indicating that it is crystalline 
in nature. The intensity of the main peak of the PVA in the 
AG 50‒PVA composite films (see Fig. 5(a)–(c) reduced and 
became broader, indicating a decrease in crystallinity and 
exhibiting the occurrence of interaction between PVA chains 
and the organic dye filler molecules[23, 24]. This decrease in 
crystallinity, according to the literature, might be attributed 

Fig. 2   Experimental set up for open aperture Z-scan measurements

Fig. 3   UV–visible absorption spectra of (a) AG 50 dye in water of 
0.01 mM and AG 50–PVA composite films at dye concentrations of 
(b) 0.01 mM, (c) 0.02 mM, (d) 0.03 mM, The inset: PVAfilm
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to an increase in polymer electrolyte improves the flexibility 
of local chain metameric motion in the PVA host matrix. 
The Debye-Scherrer formula is used to compute the crystal-
line size of AG 50 dye in powder form:  

 where D is the crystalline size, λ is the X-ray wavelength 
radiation, θ is the Bragg diffraction angle and β is width at 
half maximum intensity (FWHM). The crystalline size of the 
AG 50 dye powder is computed to be 24.61 nm.

(1)D =
0.9�

�cos�
nm

FT‒IR analysis

The bonding structure and functional groups in AG 50‒PVA 
composite films were characterized using FTIR spectros-
copy. The FTIR spectra of AG 50 dye in powder form, pure 
PVA film, AG 50‒PVA composite films with different dye 
concentrations of 0.01 mM, 0.02 mM and 0.03 mM respec-
tively are shown in Fig. 5. The strong, broad absorption band 
at 3354 cm−1 caused by O-H vibrational stretching in pure 
PVA is slightly moved to 3354 cm−1, 3355 cm−1 and 3356 
cm−1 respectively for with different dye concentrations of 
0.01 mM, 0.02 mM and 0.03 mM signifying that AG 50 dye 
molecules may interact with the hydroxyl group of the PVA. 
The sharp peaks at 2941 cm−1, 2942 cm−1, 2943 cm−1 and 
2944 cm−1 in the pure PVA as well as in AG 50‒PVA com-
posite films of 0.01 mM, 0.02 mM and 0.03 mM are ascribed 
to C-H asymmetric stretching. The shift of the transmittance 
bands observed in pure PVA at 1656 cm−1 corresponds to 
C=C vibration stretching whereas absorption bands present 
at 1627 cm−1, 1628 cm−1 and 1629 cm−1 for AG 50‒PVA 
composite films with different dye concentrations of 0.01 
mM, 0.02 mM and 0.03 mM respectively corresponds to 
N-H bend amine group due to decrease in intensity after 
the accumulation of AG 50 dye, imply intramolecular or 
intermolecular hydrogen bonding and complex formation 
[25, 26]. The absorption band 1441 cm−1 at pure PVA which 
seems to shift at 1493 cm−1 and 1494 cm−1 in the AG 50‒
PVA composite films is due to N-O asymmetric stretching 
in the AG 50 dye molecule. The observed peak at 1328 cm−1 
of pure PVA and absorbance band of AG 50‒PVA composite 
films of 0.01 mM, 0.02 mM and 0.03 mM, respectively, at 
1282 cm−1,1290 cm−1 and 1292 cm−1 of assigned to C-N 
stretching amines. The considerable peaks in the pure PVA 
and AG 50‒PVA composite films at 833 cm−1 and 807 cm−1, 
809 cm−1 and 810 cm−1, respectively, due to C-H bending. 
In the AG 50‒PVA composite films, the peaks at 693, 694 
and 695 are attributed to C=C bending of alkenes.

SEM analysis

The surface morphology of AG 50‒PVA composite films 
with different dye concentrations of 0.01 mM, 0.02 mM 
and 0.03 mM were studied using a scanning electron micro-
scope (SEM). The morphological SEM images are shown in 
Fig. 6. The 0.01 mM AG 50‒PVA composite films possesses 
a smooth surface and uniform distribution subsequently 
including the AG 50 dye with PVA. However, the compos-
ite AG 50‒PVA with 0.02 mM dye concentration has shown 
a smooth surface with even spreading of globular bunches 
and hovels exist, in which the bubbles are occurred during 
the film preparation. The interaction between the PVA and 
AG 50 dye restricts the accumulation of dye molecules in 
the PVA matrix at a lower doping level [27].

Fig. 4   XRD patterns of (a, b and c) AG 50–PVA composite films of 
dye concentrations 0.01  mM, 0.02  mM and 0.03  mM, respectively. 
The inset AG 50 dye in powder form and PVA film

Fig. 5   FT–IR spectra of a AG 50 dye in powder form, b PVA film, 
(c, d and e) AG 50–PVA composite films with dye concentrations of 
0.01 mM, 0.02 mM and 0.03 mM
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Nonlinear absorption

An open aperture Z‒scan experiment with input intensity 
I0 =1.135×103 Wcm−2 was used to examine the intensity 
dependence of the nonlinear absorption method of AG 50‒
PVA composite films with different dye concentrations of 
0.01 mM, 0.02 mM, and 0.03 mM, as well as the aqueous 
solution of AG 50 dye (0.01 mM). Fig. 7 shows the open 
aperture Z‒scan traces of AG 50‒PVA composite films and 
aqueous solution of AG 50 dye. The study of AG 50‒PVA 
composite films and aqueous solution of AG 50 dye (0.01 
mM) are positioned on the translation stage and made to 
turn from one end of the far field to the other end through 
focus. The laser intensity is low when the samples are in 
the far field, hence the normalized transmittance value will 
be one or unity. As the sample approaches the focus, the 
transmittance value drops, forming a dip or valley at the 

focus (Z=0). This decrease in the transmittance value indi-
cates the occurrence of reverse saturable absorption (RSA) 
behavior or positive nonlinear absorption. Furthermore, as 
the incident laser intensity at the focus increases, the dip or 
valley transmission get decreased. Nonlinear mechanisms 
such as two photon absorption (TPA), excited state absorp-
tion (ESA), free carrier absorption, nonlinear scattering, 
or a combination of these processes can induce RSA [28, 
29]. Fig. 8 shows the five level energy diagram of AG 50 
dye molecules. TPA is the absorption of two photons with 
the same or different energy values from the ground level 
to the excited level state in an instant (S0-S1). This energy 
conversion procedure can be achieved is equal to the sum 
of two photon absorption. ESA is a process in which mol-
ecules make a transition from the first level excited state to 
a higher level excited state (S1-S2) or vice versa (T1-T2). To 
do so, the population of first level excited states (S1 and/or 
T1) must be massive enough to increase the likelihood of 
absorption of photon from the state. As the electrons from 
the first level singlet excited state S1 are transferred to the 
first level triplet excited state T1 via intersystem crossing 
(ISC), transitions to higher level excited state T2 are possi-
ble, hypothetically enhances the ESA or RSA [30]. Hence, 
in the present case the excited thermal effects caused by CW 
laser excitation rise ESA, inferring that ESA-assisted RSA 
is the major cause which was observed in the nonlinearity 
of AG 50 dye molecules. 

The normalized transmittance from open aperture Z-scan 
method is represented by

where

 where βeff is the nonlinear absorption coefficient obtained 
from open aperture Z-scan data is given by �eff =

2
√
2ΔT

I0Leff
 , 

Here, Leff is the effective thickness of the sample, which is 
defined as, Leff =

(1−e−�L)
�

 . Here, Io is the focal point beam 
intensity of the laser, α is the linear coefficient of absorption, 
Z0 is the diffraction length and L is the sample thickness. The 
imaginary parts of the third-order NLO susceptibility χ(3) is 
given by,

 where ε0 = free space permittivity, c = velocity of light, 
n0 = linear refractive index, λ = wavelength of light. The 
measured NLO parameters such as nonlinear absorption 
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Fig. 6   SEM micrographs of AG 50–PVA composite films a 0.01 mM, 
b 0.02 mM and c 0.03 mM
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coefficient β and imaginary parts of the third-order NLO 
susceptibility χ(3) for AG 50–PVA composite films and aque-
ous solution of AG 50 dye are given in Table 1.

Optical limiting

Optical limiting occurs when the input beam intensity 
exceeds a certain threshold, so called the limiting thresh-
old. The materials endure this behavior are called as optical 
limiters. Many organic, inorganic, thin films, nano particle 
encapsulated materials and semiconducting materials has 

Fig. 7   Open aperture Z-scan curve for AG 50–PVA composite films with dye concentrations of a 0.01 mM, b 0.02 mM and c 0.03 mM and d 
AG 50 dye in water (0.01 mM)

Fig. 8   Five level model energy diagram for AG 50 dye molecule

Table 1   Measured nonlinear absorption parameters of AG 50‒
PVA composite films and AG 50 dye in water (Incident intensity 
I0 = 1.135 × 103 W/cm2)

Sample Dye concen-
tration (mM)

β (cm/W) Im|χ(3) 
|× 10−5 
(e.s.u)

AG 50‒PVA 0.01 0.148 3.37
AG 50‒PVA 0.02 0.201 4.56
AG 50‒PVA 0.03 0.256 5.82
AG 50‒water solution 0.01 1.517 × 10−3 0.034
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been examined to accomplish optical limiting. The protec-
tion of eyes and sensors has greatly improved as a result 
of the use of high-power lasers. The open aperture Z‒scan 
technique was used to characterize the optical limiting effect 
of aqueous solution of AG 50 dye (0.01 mM) and AG 50‒
PVA composite films with different dye concentrations of 
0.01 mM, 0.02 mM and 0.03 mM are presented in Fig. 9. A 
neutral density filter (NDF) is exploited to differ the laser 
beam input intensity and consequently transmitted intensity 
was determined by using a digital power meter. The sam-
ple under study are kept precisely at the focal plane of lens 
and the corresponding transmitted power of different input 
powers are determined. It is clear that the output beam inten-
sity differs linearly with respect to low incident input beam 
intensity and the linear transmittance obeyed Beer–Lam-
bert’s law, I = I0e−αL, where I0 is the input beam intensity, 
I is output beam intensity, α is the linear absorption coef-
ficient and L is the thickness of the sample. The measured 
values of optical limiting threshold for aqueous solution of 
AG 50 dye (0.01 mM) and AG 50–PVA composite films of 
different dye concentrations of 0.01 mM, 0.02 mM and 0.03 
mM are tabulated in Table 2. It is clear from Table 2 the 
lower limiting threshold of 1.49×102 Wcm−2 was observed 

with 0.03 mM concentration. The limiting threshold values 
are also inversely proportional to the dye sample concentra-
tion. As there is a rise in concentration, particles per unit 
volume contributed in the interface and they are thermally 
agitated to excited state and hence improved limiting thresh-
old is observed. Several nonlinear optical mechanisms are 
included to achieve optical limiting process such as self-
focusing, self-defocusing, excited state absorption (ESA), 
two photon absorption (TPA), free carrier absorption (FCA) 
in nonlinear media [31, 32]. Our present sample is an energy 
absorbing type of optical limiter and the major nonlinear 
mechanism employed is ESA-assisted RSA process. 

Conclusion

AG 50–PVA composite films of different dye concentra-
tions were prepared by solution casting technique, their 
optical absorption, structural and morphological details 
were studied. The nonlinear absorption (NLA) and optical 
limiting (OL) behavior of AG 50–PVA composite films of 
different dye concentrations and aqueous solution of AG 50 
dye (0.01 mM) were also studied. The optical absorption 
spectra reveals strong linear absorption at 650 nm wave-
length due to the presence of π‒conjugated electrons in the 
AG 50 dye molecules. The XRD results illustrates that AG 
50–PVA composite films exhibits semicrystalline nature and 
FT–IR study demonstrates the bonding nature and functional 
groups present in the AG 50 dye molecules and PVA. The 
morphological studies confirms the even distribution of AG 
50 dye molecules within the PVA host matrix. The open 
aperture Z-scan has been performed with a continuous wave 
diode laser (CW) at 635 nm wavelength and 5 mW output 
power exposed that reverse saturable absorption in both AG 
50–PVA composite films and as well as aqueous solution 
of AG 50 dye. AG 50–PVA composite films exhibits a high 
optical limiting efficiency based on strong reverse satura-
ble absorption at 635 nm wavelength, for the protection of 
human eye and sensor devices.
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