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In this work, the study of two-photon absorption by gold nanoparticles of different diameters photodeposited 
onto the core of a single-mode optical fibre is presented. The photodeposition of nanoparticles with diameters of 10, 
20, 50 and 100 nm was achieved using a continuous wave laser at a wavelength of 1550 nm and a power of 50 mW.  Non-
linear optical characterization was carried out by using the P-scan technique of a high gain erbium doped fibre am-
plifier with pulses of 20 ns at a frequency of 10 kHz, that provides a maximum intensity of approximately 60 MW/cm2. 
The  results show that for gold nanoparticles greater than 20  nm photodeposited onto the  fibre, in both cases, 
the nonlinear coefficient as well as the third-order susceptibility increase as the diameter of the nanoparticles in-
creases, describing a typical behaviour of the two-photon absorption. The obtained results can be used for the de-
sign of filters and optical limiters in the communications area.
Keywords: nonlinearity, optical fibres, gold nanoparticles, photodeposition
PACS: 42.65.Yj, 42.81.-i, 81.07.-b

1. Introduction

The study of nanostructured materials has attract-
ed attention in several areas of science because 
they have different physicochemical properties in 
comparison with the  bulk materials. This kind of 
materials is widely investigated for applications in 
optical storage, optical computing, harmonic gen-
eration, power limiting, rectifying devices and opti-
cal switching, therefore a high nonlinear response 
is a prerequisite [1–3]. Studies of the optical prop-
erties of nanomaterials, through interaction with 
high radiation intensities, have allowed one to know 
the dependence with its refractive index, giving rise 
to the phenomenon known as two-photon absorp-
tion (TPA) or saturable absorption (SA) [4, 5].

Currently TPA has been studied in new mate-
rials such as polymers [6], semiconductor materi-
als  [7], crystals  [8], nanohybrid materials  [9] and 
thin films  [10], among others, which have been 
used in applications as optical limiters, light sen-
sors, tunable emitters, etc. [11–13]. Reported stud-
ies on nonlinear effects have shown that gold na-
noparticles (AuNPs) can behave as a TPA material, 
this response depends on their morphology  [14–
16], the medium in which they are embedded [17], 
the volume fraction of AuNPs in solutions [10] and 
their proportion in a solution [18].

In 2015, Lysenko and co-workers presented 
the study of the dependence of third-order suscep-
tibility on the thickness of wafer containing layers 
of deposited gold [19]. Their studies reported that 
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the  third-order susceptibility obtained depends 
on the thickness of the material and the suscepti-
bility improves when the  material is thinner. On 
the other hand, Maurya and co-workers published 
the study of TPA dependence of silver nanoparti-
cles (AgNPs) and their concentration in a solution. 
The results show that the TPA predominates over 
the SA when the size of AgNPs is smaller, in addi-
tion to the SA being dominant over the TPA when 
the concentration is higher [20].

The present work gives a comparative study of 
the TPA at 1550 nm of AuNPs with different diame-
ters photodeposited onto the core of a single-mode 
optical fibre. The nanoparticles were placed under 
the  influence of an infrared radiation source and 
their nonlinear effects were studied using a  high 
gain amplifier.

2. Experiment

Gold nanospheres were photodeposited onto 
the  core of an optical fibre using the  technique 
previously reported by a  continuous wave la-
ser source at 1550 nm and 50 mW as is shown in 
Fig. 1(a) [21, 22]. AuNPs with diameters of 10, 20, 
50 and 100 nm were acquired from Sigma-Aldrich 
company (741957, 741965, 742007 and 742031) 
and stabilized in a  citrate buffer. The  preparation 
of the optical fibre consisted of removing the plas-
tic coating from the  end of the  fibre, cleaning it 
and making a cut on the fibre in the region where 
the nanospheres would be photodeposited. The fi-
bre optic end was immersed into the solution with 
AuNPs, monitoring the  photodeposition process 
until the transmission decreased to 3 dB.

Figure  1(b) shows the  experimental setup to 
carry out the nonlinear characterization of the fi-
bre with AuNPs by P-scan technique. This setup is 
a high gain erbium doped fibre amplifier with two 
amplification stages that has been reported in [23]. 
In this arrangement, a  pulse is emitted by a  dis-
tributed feedback laser (DFB) that is controlled in 
current at 7.7 mA and stabilized in temperature at 
5.2°C to emit at 1550 nm. The square pulse of 20 ns 
is programmed at a  frequency of 10  kHz. Under 
these conditions, it is possible to obtain an average 
power of ~7  mW that corresponds to an irradi-
ance of ~60  MW/cm2, considering a  single-mode 
optical fibre of 8  μm core diameter. The  prepara-
tion for each fibre with AuNPs consisted of splic-
ing the opposite end of each sample in the end of 
the high gain amplifier; to carry out this process, it 
was necessary to remove the plastic coating from 
the  opposite end of each fibre, clean it and make 
a cut in the splice area to then perform the fusion 
using a fusion splicer. Finally, the transmission be-
haviours for each sample were obtained by varying 
the input power.

3. Theoretical calculations

The theoretical study was carried out using the 
Beer–Lambert law [21, 22], that relates the attenu-
ation of the intensity of radiation with the proper-
ties of the material by means of the transmission. 
In this work, the  relationship between transmit-
tance and absorbance is approximated by the ex-
pression

 
T = exp (–[α0 + βI]L), (1)

Fig. 1. Experimental setup of (a) the photodeposition technique of AuNPs onto the core of an optical 
fibre and (b) a high gain erbium doped fibre amplifier to carry out the nonlinear characterization.

(a) (b)
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where L is the thickness of the sample, I is the in-
tensity, α0 and β are the  linear and nonlinear ab-
sorption coefficients, respectively. Considering 
a saturation model, a hyperbolic approach is used 
to estimate the value of the absorption coefficient β,

sat

( ) ,
1 /

I
I I

=
+
ββ  (2)

where Isat is the saturation intensity that is defined 
as the intensity when the transmission has reached 
50% of the modulation. Combining the two equa-
tions we obtain the transmittance expression

  
= +   +   

βα0
sat
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T I L
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We can use Eq. (3) to fit the experimental data 
of P-scan trace, and β can be treated as an adjust-
able parameter (Table 1). From the value of β, we 
can calculate the imaginary part of the third-order 
susceptibility by the following expression in the in-
ternational system (SI) units,

2
(3) 0 0Im( ) ,

4
λε βχ

π
=

n c
 (4)

where λ is the wavelength, ε0 is the permittivity in 
free space, c is the speed of light in vacuum, and n0 
is the refractive index of AuNPs [21]. We can con-
vert the units of Im(χ(3)) in (esu) using the conver-
sion formula 1 (esu) = 1.398 × 10–8 m2/V2.

The study of the extinction coefficients for dif-
ferent diameters of the  AuNPs was carried out 
theoretically by means of Mie analysis and ex-
perimentally by means of UV–Vis spectroscopy, 
using a  Thermo Scientific Evolution 600 spec-
trometer with a resolution of 1 nm and in the total 
transmittance mode. In order to analyse the sam-
ples, the  measurement region was from 400 to 
800 nm:
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Cabs = Cext – Csca. (7)

Here l denotes the multipolar order of the plasmons 
of excited particles, x = 2πr/λ represents a size pa-
rameter proportional to the  ratio of the  radius of 
the sphere r to the wavelength λ for a wavelength 
of 1550 nm and the spheres with radii of 10, 20, 50 
and 100 nm. The coefficients of Mie are
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expressed by the functions of Ricatti–Bessel ψl and 
ξl, they contain the  dependence of specific com-
plex dielectric functions of the  material through 
m2 = εmetal/εmedium.

4. Results and discussion

The theoretical and experimental results for na-
noparticles obtained by means of the UV–Vis and 
Mie analysis are shown in Fig. 2. Figures 2(a–d) 
show that the  extinction coefficients are affected 
by their diameters. The theoretical results by Mie 
analysis show a  shift of the  wavelength towards 
the  UV region when the  diameter of the  nano-
particle decreases. These results agree with the ex-
perimental data that show an absorption peak at 
longer wavelengths for nanoparticles with large 
diameters. This absorption peak also shows a shift 
towards the UV region for smaller nanoparticles. 
This behaviour is a well-known phenomenon that 
is attributed to the absorption by AuNPs, extinc-
tion coefficient and consequently to the  effect 
of surface resonance plasmon (SPR)  [21]. Stud-
ies have shown that the  changes in the  value of 
the SPR peak are due to the morphology, geomet-
ric dimensions and dielectric constants of a ma-
terial  [15, 24]. Additionally, it has been reported 
that in metals the SPR peak is sensitive to the size 
and amount of fraction of the particles that cause 
a change in the wavelength [25].

The nonlinear transmission as a function of ir-
radiance is shown in Fig. 3. In this plot, the dotted 
lines indicate the  transmittance obtained experi-
mentally, and the solid lines indicate the transmit-
tance obtained using the  Beer–Lambert law. Ac-
cording to the  results shown, it can be seen that 
when an optical fibre with AuNPs is irradiated by 
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the 20 ns pulses of 1550 nm laser source, the trans-
mittance decreases linearly in the  region of low 
irradiance; on the  other hand, the  results show 
a  decrease in transmission as intensity increases, 
showing that the AuNPs of 10 nm have the lowest 
level of transmission and the AuNPs 100 nm have 
the highest level.

Figure  4 depicts the  nonlinear transmission 
behaviours of each sample as a  function of irra-
diance using the  Beer–Lambert law. The  results 
show that the decrease in the transmission at low 
intensities for each nanoparticle size has different 
saturation intensities. The nanoparticles of 10, 20, 
50 and 100 nm show saturation intensities of 8.2, 

Fig. 3. Transmission as a function of the irradiance of the AuNPs of (a) 10 nm, 
(b) 20 nm, (c) 50 nm and (d) 100 nm.
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Fig. 2. Extinction coefficients as a function of the wavelength of AuNPs with 
diameters of (a) 10 nm, (b) 20 nm, (c) 50 nm and (d) 100 nm.
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8.1, 5.1 and 2.7 W/cm2, respectively, implying that 
small AuNPs have the  ability to gradually absorb 
more intense amounts of radiation before saturat-
ing. This optical limiting mechanism is attributed 
to the combination of laser induced AuNPs disper-
sion and the nonlinear absorption. In addition, it 
can be observed that the  saturation intensity and 
the  modulation depth (ΔT) increase for smaller 
AuNPs diameters, these results are due to the  Isat 
greater magnitude. Consequently the  linear ab-
sorption coefficient α0 increases, respectively, as 
shown in Table 1. This dependence of the depth of 
modulation on the diameter of the sphere, that is 
inversely proportional, indicates that it can be used 
for the  design of lasers, optical limiters and light 
sensors, among others. All the results show a typi-
cal behaviour of the TPA curve [21].

In addition, the  results show that for AuNPs 
greater than 20 nm the nonlinear coefficient β and 
third-order susceptibility increase as the diameter 
of the  nanoparticles increases, that indicates that 
the TPA improves since its capacity of optical limi-

tation increases [2]. Optical limiting occurs when 
the  optical transmission of a  material decreases 
with increasing laser fluence, a property that is de-
sirable for protection of sensors and human eyes 
from intense laser radiation.

On the  other hand, it is important to men-
tion that the  advantage of using the  technique of 
photodeposition of nanostructured materials on 
the nucleus of optical fibres is the minimal use of 
nanostructured materials, in contrast to the devic-
es made on films, crystals or solutions. This tech-
nique allows one, as it has been demonstrated, to 
have a better control of the nonlinear parameters 
of the  materials placed on the  fibres, that makes 
it ideal for the  development of photonic devices. 
Clearly, the AuNPs endowed the fibres with a limit-
ing power due to the optical limiting mechanisms 
for AuNPs that are quite different from those of 
carbon nanotubes.

5. Conclusions

The AuNPs photodeposited onto the core of a sin-
gle-mode optical fibre exhibit nonlinear properties 
depending on the  dimension of their diameters. 
Maintaining a constant transmission in each fibre 
sample with AuNPs, the nonlinear optical charac-
terization was performed for diameters between 
10 and 100 nm. The results obtained in our exper-
iments showed a typical behaviour of two-photon 
absorption, achieving saturation when the inten-
sity increased. Additionally, it was observed that 
the  modulation depth turned out to be greater 
when the  diameter of the  gold nanoparticle was 
smaller. To our knowledge, the study of the non-
linear dependence of this type of nanomaterials 
photodeposited on an optical fibre has not been 
reported, which can be used for the implementa-
tion of photonic devices based on nanostructured 
materials and optical fibres.

Fig. 4. Transmission adjustment based on the irradi-
ance of AuNPs.
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Table 1. Absorption coefficients and third-order susceptibility of the different diameters of AuNPs.

Diameter (nm) α0 (1/m) ΔT (%) β (m/W) × 10–6 χ(3) (esu) × 10–7

10 3.055 11.48 3.084 1.9810

20 3.588 10.16 2.152 1.3824

50 3.153 10.14 3.659 2.3500

100 2.794 7.97 4.956 3.1832
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