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ABSTRACT

In the present work, The third order optical nonlinearity and optical limiting properties of Magnesium
phthalocyanine (MgPc) thin film have been investigated. Third order optical nonlinearity of MgPc thin film has
been studied by z—scan method using a cw He-Ne laser at ~633nm wavelength as an exciting source. The
normalized transmission for both open and closed aperture z scan are measured and it is found that the
nonlinear absorption in MgPc is mainly due to reverse saturable absorption (RSA) process. The nonlinear
refraction studies exhibit the self defocusing behavior of the MgPc thin film and the origin of nonlinear
refraction is of thermal nature. The optical limiting study revealed that MgPc thin film shows lower limiting

threshold that is very useful for eyes and sensor protection.
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I. INTRODUCTION

In the last few years, phthalocyanines are being intensively studied as targets for optical switching and optical
limiting devices, sensors, light emitting devices, photosensitizers and nonlinear optical materials. These are
highly stable and versatile compounds capable of bonding more than 70 different metallic and non-metallic ions
in the ring cavity [1, 2]. Another peculiar feature of these compounds is their ability to form different kinds of
condensed phases. It is possible to develop thin films of phthalocyanines by several techniques such as spin
coating, molecular beam epitaxy and thermal evaporation technique that allow fabrication of practical devices.
There are various mechanisms for optical nonlinearity, such as nonlinear refraction, nonlinear absorption (NLA)
and induced scattering bur the origin of these nonlinearities vary widely and includes reverse saturable
absorption (RSA), two photon absorption (TPA), optically induced molecular re-orientation in liquid crystals
and the electronic Kerr Effect [3]. Nonlinear optical properties of ZnPc thin films in PMMA as a substrate at
633nm wavelength has been reported and found to have high 3™ order nonlinear susceptibility value with
excellent optical limiting properties [4].

Various experimental techniques namely degenerate four wave mixing [5], nonlinear imaging techniques [6],
nonlinear interferometry [7], nonlinear ellipse rotation [8], three wave mixing [9], beam distortion measurement
[10] and classical z-scan [11-13] are efficiently used to investigate the nonlinear behavior of materials.

Interferometery, DFWM and ellipse rotation are highly sensitive techniques but requires complex experimental
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setup. Beam distortion measurement requires precise beam scans followed by detailed wave propagation
analysis. Single beam z-scan method is a standard tool for determining nonlinear parameters of nonlinear
materials because of its simplicity, sensitivity, accuracy and the ease of separation between nonlinear refraction
and nonlinear absorption. Z-scan technique involves motion of the sample across the focal plane of laser beam
along the direction of propagation of the laser beam. Assuming Gaussian beam optics, this experiment allows an
intensity scan of the irradiated sample, and provides information about the nonlinearity in the sample. This
results in changing the spot size of the incident beam on the sample to a minimum at the focus and then
increasing again on crossing the focus.

MgPc thin films have extensively been studied using femto-second and nano-second pulses for their nonlinear
parameters [14]. The purpose of the experiment in the present course of investigation is to determine the
variation in transmission as the incident intensity changes by translation along the z-axis. The change in the
transmittance of the focusing Gaussian beam in a medium is recorded as a function of position of medium. We
have estimated the various nonlinear optical coefficients of MgPc thin film alongwith the optical limiting

behavior at low input power.
I1. EXPERIMENTAL

The MgPc thin films have been synthesized by standard thermal evaporation technique [15]. Polished
borosilicate (BK7) optical glass was used as a substrate, that was cleaned with supersonic method in acetone. A
molybdenum boat was used as a heat transfer source. Thin film was deposited at 2.5x10™ mBar pressure and
200°C substrate temperature. The deposition rate was maintained at 0.3nm/s. Heat treatment was given at 350°C
for 2 hours. Film thickness was measured by stylus profiler (Taylor Hobson) and was found to be 1.2 micron.
The absorption spectrum was carried out by using UV-visible spectrophotometer model no. 18-1885-01-0151

with spectral bandwidth of 2nm.
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Fig. 1. Linear absorption spectra (UV-VIS) of the MgPc thin film

For the present study, a low power (~30mW) He-Ne laser at ~633nm wavelength was used as the source of

optical energy. The beam diameter of the Gaussian output from the laser head was measured to be 2mm. The
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beam was focused by a combination of convex lenses of equivalent focal length 77mm to a spot size of 32.386
um with Rayleigh range of 2.45mm. For closed aperture scan, the distance between the focusing lens and the
aperture size was adjusted so as to get the optimum value of the linear aperture transmittance (S = 0.4 ), which

averages out possible beam non-uniformities, thus reducing background signals and loss in sensitivity. For open
aperture (s=1), all the transmitted power was collected and focused on the power detector (OPHIR, 3A-FS-SH).
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Fig. 3. Schematic diagram of Z- scan experiment (aperture will be removed in open aperture Z

scan Experiment)

I11. RESULTS AND DISCUSSION

3.1 UV-Visible Characterization

The UV-vis spectrum (Fig. 1) is carried out by spectrophotometer from 190nm to 1100nm wavelength which
shows two strong bands, attributed to the n- n* electronic transitions in MgPc¢, a broad Q band between 600-
800nm and a Soret or B-band in the UV region. . The Q- band is much broader and splits in to two
components with peak at 690 and 620 nm. It is showing that the periphery of the complex is asymmetrically
substituted. This splitting of Q band is attributed to the aggregation of the molecules or molecular disorder
which is in agreement with the previously reported in literature [14]. The linear absorbance was found to be

0.351cm™ at a wavelength ~633 nm. Also the transmittance is measured to be 44% at 633nm.

3.2 Z-Scan Measurements

The nonlinear refractive index is measured using the closed aperture z-scan configuration. Fig 4 shows the
measured normalized transmittance as a function of Z-position. The closed aperture Z-scan curve exhibit a pre-
focal transmittance maximum (peak) followed by a post-focal transmittance maximum (valley) signatures. The
peak- valley signature signifies the self defocusing character of the dye molecule, indicating a negative

nonlinear refractive index [11]. The theoretical relation of T —z for the closed aperture case is given by [16]

N 4AD (2] z,)
[(z/2,)* +91[(z/z,)* +1]

)
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Fig. 4. Closed aperture Z- scan, solid line is showing theoretical fit
The solid curve in fig. 4 is showing the theoretical value of T at correspondingz . Following standard relations

are utilized in calculation of nonlinear refractive index [17],

AT, =0.406(1—$)°® A, %)
27
AD :7n2|0|-eff 3)

Where ATp_ is the peak to valley transmittance difference from the closed aperture scan, A® is the on-axis

Vv
2
nonlinear phase shift and S is the linear aperture transmittance given by S =1—exp (_ ZQ/ZJ , where I,
wa

is the aperture radius and @, is the beam radius at the aperture in linear regime when kept in far field.
—al
| = 27602 is the peak intensity of the laser beam at focus (Z = O) and Ly = (1_e % is the effective
7w,

length of the sample with « as the linear absorption coefficient and L as sample thickness. A is the
wavelength of interacting laser beam at ~633nm. The origin of nonlinear refraction can be attributed as

electronic, molecular, electrostrictive or thermal in nature [18]. The closed aperture Z-scan of MgPc thin film

shows a peak to valley separation of ~ 2.5 7, and a peak- valley separation of more than 1.7 times the Rayleigh

range Z, is an indication of thermal nonlinearity and hence the observed nonlinear effect is a third order
process [19].

From the best fit of equation 1 to the experimental data in fig. 4, the value of AD ; is obtained as 0.285. The

estimated value of N, for MgPc thin film is ~0.943 x 10° cm?/W.
Open aperture z-scan is used for calculating nonlinear absorption coefficient 5. Fig. 5 shows the normalized

transmission T as a function of the distance z-along the lens axis in the far field. It is worth noting the bleaching

effect in cyanine group of dyes is quite high and this bleaching of ground singlet level leads to an overall

110|Page




International Journal of Advance Research in Science and Engineering
Vol. No.4, Issue 10, October 2015

.. IJARSE
www.ijarse.com 1‘55\‘]7319 8354

increase in absorption coefficient due to incident optical energy. Metal phthalocyanines (MPc’s) are widely
researched because the spin orbit coupling enhances the population of the triplet state due to the metal atom
effect. Due to metal atom at the center, there is an increase in intersystem crossing and hence the populations at
triplet state increases, that further enhances the possibility of reverse saturable absorption (RSA) effect,
improving the nonlinear response [20-21].The theoretical relation between T and z for the open aperture
configuration is given by[22],

do
T=1-
221+ 2% 122)

4)

Where , = fl,L with Z, as the Rayleigh range.
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Fig. 5. Open aperture z-scan, solid line is showing theoretical fit
From the best fit of equation 4 to the experimental data in fig. 5, the value of Q, is obtained as 0.346. Hence by

using all known parameters we have calculated the nonlinear absorption coefficient g of MgPc and is found to
be 1.135 cm/W.

The real and imaginary part of third order nonlinear optical susceptibility » has been calculated from the

estimated values of N, (closed aperture scan) and s (open aperture scan) using following relations [11],

2.2
Re[y®]=10"" % n, ()
2.2
im{¥] =102 2552 5 ©
29 =JRez®)? +J(Imz®)? )

Where &, is the permitivity of free space, C is speed of light in vacuum and N, is the linear refractive index of

the sample. The third order nonlinear susceptibility calculated for MgPc thin films using above relations is
~1.22x10%esu.
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3.3 Optical Limiting

Optical limiting properties of magnesium phthalocyanine have been studied using He Ne laser at ~633nm (Fig.
8). With low input optical energy, the output energy was showing linear relationship by obeying Beer- Lamberts

rule. As the input incident energy reaches a threshold value, input output energy relationship becomes nonlinear.
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Fig. 6 The five level energy diagram of a typical dye molecule, radiative and noradiative
transitions are indicated by solid and dotted lines respectively
On the basis of the energy level diagram, the optical limiting effect of phthalocyanine molecule is explained as
follows: initial photons excitation populates S; that can go to the 2™ excited singlet level S,. The life time of this
singlet upper energy level is very short these relax back to the S; state via non-radiative transition. From S;, the
first triplet state T, is populated via intersystem crossing with a time constant ts. Successively a 2" photon
excites the molecule from T, to the excited state T,. Because of the introduced metal ion in the ring cavity, the
increasing strength of spin orbit coupling enhances intersystem crossing rate, excited state absorption and triplet
population number. If the absorption cross section of the excited state is larger than that of the ground state, it is
called RSA process. Under CW excitation, the thermal effect will increase the excited state absorption, inferring
that ESA assisted RSA is the nonlinear mechanism responsible for the optical limiting behavior of the

magnesium phthalocyanine [23].

Optical limiting behavior
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Fig. 8 Optical limiting characteristics of MgPc at 633 nm wavelength of He-Ne laser

112|Page




International Journal of Advance Research in Science and Engineering
Vol. No.4, Issue 10, October 2015

www.ijarse.com I[JARSE

ISSN 2319 - 8354

IV. CONCLUSION

We have investigated the nonlinear optical coefficients of MgPc thin film with low power He-Ne laser at ~633
nm wavelength. Nonlinear refractive index N, is calculated and found to be 0.943 x 10 cm?/W. Third order
nonlinear susceptibility »® has also been calculated and found to be 1.22x10°%su. z is calculated to be
1.135cm/W. It is observed that there is high nonlinear absorption effect (Im ,©® >> Re ). The overall high

nonlinearity of these MgPc molecules results due to strong absorption at ~633nm combined with a high thermo

optic coefficient. It is worth noting that the value of ,©® for magnesium phthalocyanine thin film is larger than

those of some representative 3™ order nonlinear materials such as organic polymers and organic metals [24-25].
Optical limiting behavior of MgPc was studied by transmission measurement technique at low input optical
power of He-Ne laser. Limiting threshold for MgPc is estimated to be around 20mW. It inferred that MgPc is a

potential candidate for the optical limiting applications at low optical powers.
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