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Nonlinear optical behavior of chloro antimony (III)
hexadecafluorophthalocianinato thin films characterized by Z-scan technique
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In this work, two chloro antimony (III) hexadecafluorophthalocianinato thin films, with two different concentrations were deposited on glass
substrates, Z-scan experiments at the wavelength of 633 nm (HeNe laser) and different optical powers were carried out. The results were
fitted with the Photo-Induced Lens and Nonlocal theoretical models. Negative and non-local nonlinear optical response behavior is reported.
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1. Introduction

The metallophthalocyanines (MPcs) have garnered signi-
ficant interest since their accidental discovery in the early
20th century [1]. These compounds exhibit high chemical
and thermal stability, aromaticity, and synthetic flexibility
[2]. Their deep, intense color has led to their use as pig-
ments in the plastics industry and as dyes in the textile in-
dustry [3]. The structure of phthalocyanines and their strong
optical absorption in the visible region, known as the Q-
band, are responsible for their coloring properties [4]. The
Q-band is characteristic of a macrocyclic tetrapyrrole ring
with 18 delocalized electrons. The molar extinction coef-
ficient of the Q-band of phthalocyanines varies depen-ding
on the central metal and solvent [5]. For example, the mo-
lar extinction-coefficient of zinc phthalocyanine is2.818 ×
105dm3·mol−1·cm−1 at 674 nm [6]. MPcs intensely ab-
sorb in the red end of the visible spectrum, and their wave-
length varies depending on the central metal and substituents
[7]. The presence of substituents increases solubility and re-
duces molecular aggregation. Recently, new antimony phtha-
locyanine complexes substituted with octa-phenoxy and 4-
tert-butylphenoxy have been synthesized, and their photo-
physical and photochemical behavior has been studied [8].
These complexes exhibit unique properties, such as the for-
mation of J-aggregates and the oxidation of antimony under
visible irradiation. However, their behavior in the triplet state
has not been explored yet [9].

Conjugated organic molecules, such as phthalocyanines,
possess third-order nonlinear optical properties [10], making
them suitable for applications such as optical processing [11]

and optical limiting [12]. However, their insolubility in com-
mon solvents is a major obstacle. The incorporation of pe-
ripheral and non-peripheral substituents can improve solubil-
ity [13].

Phthalocyanines have a high structural flexibility and can
accommodate approximately 70 different elements in their
central cavity. Their high nonlinearity is due to the delo-
calizedπ-electrons. These properties make them suitable
for applications in photonics and biomedicine [14]. The
chloro antimony (III) hexadecafluorophthalocianinato com-
pound (F16SbPcCl) consists of a perfluorinated phthalocya-
nine ring coordinated to an antimony (III) ion and a chlorine
ligand. The perfluorination of the phthalocyanine ring con-
fers unique properties, such as enhanced thermal and an in-
creased solubility [9,15].

The Z-scan technique, developed by Sheik-Bahae and
collaborators in 1989 [16], is a fundamental tool for char-
acterizing the nonlinear optical properties of various materi-
als. This technique stands out for its ability to measure both
nonlinear absorption and refraction coefficients using a single
laser beam with high sensitivity and precision. The simplicity
and effectiveness of the Z-scan technique have allowed it to
be adopted in a wide range of studies, including the charac-
terization of antimony phthalocyanines. The objective of this
work is to study the nonlinear optical behavior of antimony
phthalocyanines deposited on glass using the Z-scan tech-
nique. Specifically, we aim to characterize and compare the
nonlinear properties of the F0-F16SbPcCl and F1-F16SbPcCl
samples, analyzing differences in their optical responses un-
der varying laser powers. With the help of two theoretical
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models, that reproduce the Z-scan curves, this study seeks to
provide some of the nonlinear optical properties most impor-
tant of these samples to their possible applications in opto-
electronics and photodynamic therapy.

2. Experimental section

2.1. Synthesis of chloro antimony (III) hexadecafluo-
rophthalocianinato (F16SbPcCl)

Under a nitrogen atmosphere and with magnetic stirring, a
reaction was carried out between 100 mg (0.5 mmol) of
tetrafluorophthalonitrile (TFPN) and 22.8 mg (0.1 mmol) of
antimony trichloride that had been freshly dried at 140◦C for
90 minutes. The reaction was carried out at 200◦C for 20
minutes with gentle stirring. Upon cooling, a solid was ob-
tained and it was whashed with ethanol to dissolve traces of
metal salt, and subsequently it was filtered. The resulting
product, F16SbPcCl, is a deep blue-black powder, soluble in
chlorinated solvents, acetone, and ethyl acetate.

2.2. Dilution of F16SbPcCl with methanol (MeOH)

To dilute F16SbPcCl, a base solution (BS - F16SbPcCl) was
prepared using 10 mg of F16SbPcCl and 100 ml of methanol
(MeOH). The reagents were mixed in an Erlenmeyer flask
and then subjected to an ultrasonic bath for 10 minutes. The
base solution was labeled F0-F16SbPcCl and it was diluted
with methanol adding a 10% of the total volume of the base
solution; that is, the second sample only has 9 ml of the base
solution and 1 ml of MeOH and was labeled as F1-F16SbPcCl
(See Table I).

The glass substrates were prepared by cleaning them se-
quentially with xylene, acetone and methanol, followed by
ultrasonication for 10 minutes in each solvent. The deposi-
tion of the samples onto the glass substrates using the drop-
casting technique was carried out with an adjustable volume
micropipette (ranging from 100 to 1000µl). A volume of
150 µl of F0-F16SbPcCl and F1-F16SbPcCl solutions was
used to obtain samples onto corning glass. A hot plate set
at 45◦C was employed to ensure the evaporation of the sol-
vents, leaving behind only the thin films of F16SbPcCl.

2.3. Experimental setup

Experiments using the Z-scan technique were performed on
F0-F16SbPcCl and F1-F16SbPcCl samples to determine their
nonlinear optical behavior. The experimental setup includes

TABLE I. Samples labels the F16SbPcCl solutions.

Samples labels Dilutions

F0-F16SbPcCl 10 ml BS-F16SbPcCl + 0 ml MeOH

F1-F16SbPcCl 9 ml BS-F16SbPcCl + 1 ml MeOH

FIGURE 1. Z-scan curves for the F0-F16SbPcCl sample at powers
of 5, 10, 15 and 20 mW. The inset in the upper-right corner shows
the evolution of∆Tpv as a function of power.

FIGURE 2. Z-scan curves for the F1-F16SbPcCl sample at powers
of 5, 10, 15 and 20 mW. The inset in the upper-right corner shows
the evolution of∆Tpv as a function of power.

a HeNe laser operating at 633 nm, and a positive lens with
a focal length of 5 cm, which produced a beam waist of
w0 = 26 µm and a depth of focus of2z0 = 6.7 mm. The
transmittance of the sample was measured on-axis as it was
scanned through the region of highest irradiance. The pho-
todetector was placed 80 cm from the lens, ensuring the far
field condition (z À z0).

Five measurements were taken for each sample varying
the laser power at 1, 5, 10, 15 and 20 mW. Notably, at 1 mW,
the samples did not exhibit nonlinear optical behavior. Fig-
ures 1 and 2 show the sets of Z-scan curves for the F0-
F16SbPcCl and F1-F16SbPcCl samples, respectively. These
curves are presented in normalized form, with the normal-
ization criterion being the transmittance value at the focus.
In each figure, the insets in the upper-right corner shows the
evolution of the peak-to-valley amplitudes (∆Tpv) of the ex-
perimental curves.
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3. Results and discusions

From Figs. 1 and 2, it can be observed that both samples ex-
hibit negative nonlinear optical behavior at this wavelength.
The curve with the highest amplitude appeared at a power
of 5 mW for both samples. The shape of the Z-scan curves
for the F0-F16SbPcCl sample differs from that of the F1-
F16SbPcCl sample. Specifically, the first group of curves
shows a double prefocal peak that diminishes as the inci-
dent power increases. Furthermore, after reaching a mini-
mum transmittance postfocal, the curves recover to a second
maximum transmittance value, which does not get the initial
maximum and then gradually declines. In contrast, curves of
the sample F1-F16SbPcCl are smoother, exhibiting a single
prefocal peak (maximum transmittance) followed by a min-
imum transmittance that recovers to the transmittance value
prior to the depth of focus, without reaching a second maxi-
mum, as observed in the first group of curves of sample F0-
F16SbPcCl. The transmittance difference between the peak
and valley (∆Tpv = |Tmax−Tmin|) is an important parameter
in analyzing Z-scan curves. It reflects the amplitude change
of the curve as a function of power. The insets in Figs. 1 and
2 reveal that as the beam power increases,∆Tpv decreases.
For the F0-F16SbPcCl sample, the decrease in∆Tpv is slow
and nearly linear. However, for the F1-F16SbPcCl sample,
the decrease is faster, and the last two∆Tpv values at pow-
ers of 15 and 20 mW are almost equal, possibly due to ab-
sorption saturation in the sample. Another critical parame-
ter is the difference in the positions of the peak and valley
(∆Zpv = |Zmax − Zmin|). Figures 1 and 2 show that the
∆Zpvvalues are smaller for the F0-F16SbPcCl sample com-
pared to the F1-F16SbPcCl sample. The average∆Zpv values
were calculated as 6.8 mm for F0-F16SbPcCl and 8.8 mm for
F1-F16SbPcCl.

3.1. Theoretical models for fitting experimental curves

Each of the experimental Z-scan curves was fitted with two
theoretical models, which generated the transmittance equa-
tion of the sample in the far field. The first is the Photo-
Induced Lens (PIL) model. This model considers that a lens
is photo-induced in the sample when scanned in the high-
intensity region of the highly focused laser beam in the Z-
scan experiment. With this model, the nature of the phe-
nomenological process that generates this photo-induced lens
can be obtained. The second model considers the dimen-
sion of the material response, especially the nonlinear radial
phase shift, due to the irradiance distribution of the beam on
the sample; with this model, the locality of the nonlinear re-
sponse can be obtained. Next a brief description of these two
models is given.

3.2. Photo-Induced lens model

As mentioned above, this model considers that a lens is
photo-induced in the sample due to the Gaussian nature of
the irradiance of the incident beam [17]. The on-axis trans-
mittance of the sample measured in the far field (z À z0)

depends on the focal length (F ) of the photo-induced lens, as
well as the Rayleigh rangez0, Eq. (1),

T =
F 2

z2
0 + (F − z)2

. (1)

This focal length is a function of the beam radius raised to an
integer powerm, Eq. (2),

F = amwm(z), (2)

wheream is a constant that includes the physical parameters
of the sample. The units ofam are appropriate forF to have
units of length andw(z) is the beam radius, Eq. (3),

w(z) = w0

(
1 +

[
z

z0

]2
) 1

2

. (3)

By substituting Eq. (2) and (3) into equation 1, what
is called the complete transmittance formula for the photo-
induced lens model is obtained, Eq. (4),

T =
1

1− 4x
(1+x2)2 (∆Φ0m) + 4

(1+x2)3 (∆Φ0m)2
, (4)

wherex = z/z0, ∆Φ0m = (z0/2F0m) is the on axis non-
linear phase shift, andF0m = amwm

0 is the shortest photo-
induced focal length. To generate theoretical transmittance
curve that fits an experimental curve, the values of the pa-
rametersmand∆Φ0m in equation 4 must be changed.

3.3. Non-locality model of the nonlinear response

This model considers the magnitude of the nonlinear re-
sponse in the sample. This response is observed in the nonlin-
ear phase shift on the beam, due to the change in the refrac-
tive index of the material, which is a function of the beam
intensity [18]. If this nonlinear phase shift is equal to the ir-
radiance distribution of the beam, the response is considered
local; however, if the phase shift is greater or less than the
beam irradiance, the nonlinear response is considered non-
local. The most important parameters to vary in this model,
to reproduce the experimental transmittance curves in the Z-
scan technique, are in the phase that the beam undergoes at
the exit of the sample and the parameters; Eq. (5),

∆Φ = ∆φNL
0 exp

(−sr2

w2

)
(5)

where∆φNL
0 is the on-axis maximum nonlinear phase shift

atz = 0. The parameters in Eq. (5) provides the value of the
spatial effect in the sample, being a local value fors = 2 and
with s 6= 2 it is a non-local effect. Note in Eq. (5) that the
phase shift has a Gaussian distribution in which the parameter
smodifies its width. The parameters to vary in this model are
∆φNL

0 ands. Figures 3 and 4 show the fit of the experimen-
tal curves for the samples F0-F16SbPcCl and F1-F16SbPcCl,
respectively, with the two models PIL and NL.
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FIGURE 3. Z-scan experimental curves for F0-F16SbPcCl at powers of 5, 10, 15 and 20 mW fitted with PIL (solid line) and NL (dotted line)
models.

FIGURE 4. Z-scan experimental curves for F1-F16SbPcCl at powers of 5, 10, 15 and 20 mW fitted with PIL (solid line) and NL (dotted line)
models.
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3.4. Numerical results

In Fig. 3, all curves are presented on the same scale, which
is that of the experimental curve with the maximum peak-
valley excursion; the same applies to Fig. 4. It is important to
mention that with the two models, PIL and NL, to fit the ex-
perimental curves, better reproductions can be obtained, but
only for a part of the experimental curve; that is, either the
peak or the valley can be reproduced, but not both simulta-
neously. Therefore, the criterion chosen for fitting the curves
in Figs. 3 and 4 was to match the maximum amplitudes of
the numerical transmittances (peak-valley) with those of the
experimental peak-valley transmittances. In the PIL model,
once the best values of the parametersm and∆Φ0m that fit
the experimental curves were found, the values of the param-
etersam andF0m were calculated. The values of these pa-
rameters, along with the valuess and∆ΦNL

0 of the NL model

TABLE II. Parameters values obtained with PIL and NL Models for
sample F0-F16SbPcCl.

Photo-Induced Lens Model No Local Model

Power m ∆ΦPIL
0 am F0 ∆φNL

0 s

[mW] [mrad] [mm] [mrad]

5 2 −14π −5.65× 105 -35.3 −98π 1

10 2 −12π −6.59× 105 -41.2 −85π 1

15 2 −11π −7.19× 105 -44.9 −80π 1

20 2 −10π −7.91× 105 -49.4 −70π 1

TABLE III. Parameters values obtained with PIL and NL Models
for sample F1-F16SbPcCl.

Photo-Induced Lens Model No Local Model

Power m ∆ΦPIL
0 am F0 ∆φNL

0 s

[mW] [mrad] [mm] [rad]

5 2 −65π −1.21× 105 -7.6 −0.45π 1

10 2 −55π −1.43× 105 -8.9 −0.38π 1

15 2 −34π −2.32× 105 -14.5 −0.25π 1

20 2 −35π −2.26× 105 -14.1 −0.25π 1

model that best fit the experimental curves of the samples F0-
F16SbPcCl and F1-F16SbPcCl are shown in Tables II and III,
respectively.

Tables II and III show the values of the parameters ob-
tained with the PIL and NL models. These values are ac-
companied by their respective units. The constantam, it is
function of the parameterm. In this case, since the best fit
value wasm = 2, thenam = a2, which will have units of
[m−1].

4. Conclusions

From the graphs in Figs. 3 and 4, it can be observed that all
curves exhibit a negative nonlinear optical behavior, which
implies that the photo-induced lens was divergent and con-
sequently the shortest photo-induced focal lengthF0m is ne-
gative, as seen in Tables II and III. According to the approxi-
mationF ≥ z0 written in [17], it can be said that the photo-
induced lenses in the samples are weak lenses. Additionally,
all curves were fitted with the same value ofm = 2, this
implies that the physical mechanism that generates the non-
linearity is thermal as indicated in [17].

The on-axis nonlinear phase shift∆Φ0m was much less
thanπ in all cases∆Φ0m ¿ π for both models. The val-
ues reported in these tables for the parameters imply that
both samples exhibit non-local nonlinearity; that is, they have
a spatial affectation on the refractive index greater than the
spatial distribution of the incident beams < 2. Consider-
ing that in the PIL model, the difference in the positions of
the peak and the valley∆zpv varies as a function of the pa-
rameterm, as∆zpv = (2/

√
m− 1)z0; and since all curves

were fitted with the valuem = 2; therefore, the theoreti-
cal difference in the positions of the peak and the valley is
∆zpv = 2z0 = 6.7 mm. From Figs. 1 and 2, the difference
in the positions of the peak-valley is: 6.8 mm and 8.8 mm,
respectively. It can be concluded that there is an excellent
agreement between theoretical and experimental values. As
reported in Ref. [19], the PIL and NL models are equivalent,
which can be observed in the fits in Figs. 3 and 4. The idea of
using these two models to fit the experimental curves is be-
cause they complement each other by allowing us to obtain
different parameter values.
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