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3D-waveguides containing silver nanoparticles have been fabricated in tungsten lead–

pyrophosphate glass by femtosecond laser micromachining. Nucleation and growth of

nanoparticles occur in a single step process when high repetition rate laser (MHz) is employed,

while an additional annealing is required for the irradiation using kHz laser system. The presence

of nanoparticles locally changes the refractive index, and, therefore, the elliptical structures

produced by direct laser writing were able to guide light. By increasing the pulse energy applied

during the micromachining, the waveguide size increased from 2 to 30 lm, while their propagation

loss decrease from 1.4 to 0.5 dB/mm at 632.8 nm. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4875485]

I. INTRODUCTION

Glasses are promising candidates for the development of

technological applications on the account of their relatively

easy manipulation, which makes it possible to fabricate them

in different sizes, shapes, and compositions. Among these

features, the ability of changing the glass composition can be

pointed out as one of the most relevant, once it determines

the material properties and performance.1 Thus, several

glass-formers and modifiers have been exploited for new

technologies in optics and photonics. For instance, tungstate-

phosphate glasses have been demonstrated to be a promising

material due to their attractive linear and nonlinear optical

properties. Their P–O–W bond results in a highly connected

network, which is also favorable for further addition of WO3

that increases the polarizability, and consequently, the opti-

cal nonlinearities of the glass matrix.2 In the same direction,

the addition of heavy metal oxide also increases the materi-

al’s nonlinearity, a desirable feature for photonic devices.

Lead oxide has been a great glass modifier, providing suita-

ble figures of merit for all-optical switching, n2/bk> 1, in

which n2 is the nonlinear index of refraction and b
the two-photon absorption coefficient.3–5 Tungsten lead–

pyrophosphate glasses have demonstrated an ultra-fast elec-

tronic (100–200 fs) third-order nonlinearity with a nonlinear

index of refraction one order of magnitude higher than fused

silica.4,6 Furthermore, this glass matrix can be successfully

used to form metallic nanoparticles, upon adding the desired

metal to the matrix, affecting its nonlinearities at the plas-

mon band region.6

Despite the good features displayed by tungsten lead–

pyrophosphate glasses, they have not yet been exploited for

the development of device applications. To accomplish this

task, the choice of the proper material processing method is

crucial. Among the techniques for the fabrication of photonic

devices, femtosecond laser micromachining has unique

advantages that enable processing the material’s bulk within

the micrometer scale, without damaging its surface.7 In addi-

tion, as a consequence of the nonlinear interaction during

micromachining, the optical properties can be locally

changed, resulting in different absorption coefficient, refrac-

tive index, and structure.8 For instance, the spatially con-

trolled growth of metallic nanoparticles in glass using

femtosecond laser irradiation has been demonstrated.9–12

The control of such properties in a confined region makes

possible the development of photonic devices, as wave-

guides, splitters, resonators, and microfluidic channels.7,8

Fabrication of waveguides in materials with promising

optical nonlinearities has been the subject of several studies

aiming at integrated photonic devices. Most of these studies,

however, concern planar structures, in which three or more

layers of thin films are deposited on substrates by conven-

tional methods, such as chemical vapor deposition, ion-

exchange, and sol-gel.13 On the other hand, by using fs-laser

micromachining, direct writing of 3D-waveguides in glass can

be realized. Glass composition, laser parameters and experi-

mental settings, i.e., wavelength, repetition rate, numerical

aperture, and scan speed, affect the waveguide features.

Hence, depending on the experimental conditions, fs-laser

micromachining can lead to waveguides with refractive index

changes from 10�4 to 10�2, resulting in propagation of funda-

mental or higher-order modes, and loss ranging from 0.7 to

4.0 dB/cm.7,8,14–16 In this direction, the purpose of this paper

is to encompass the interesting nonlinear optical properties of

tungsten lead–pyrophosphate glass and femtosecond laser

micromachining to produce waveguides containing metallic

nanoparticles in its core, using one-step laser processing
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II. EXPERIMENTAL

The preparation method, structure, thermal and optical

properties of the 70Pb2P2O7–30WO3 (mol. %) glass were

recently described in Ref. 2. Its refractive index at 633 nm,

glass transition and crystallization temperatures are 1.9,

432 �C, and 520 �C, respectively. This sample was doped with

1 mol. % of AgCl during the melting, in order to obtain metal-

lic silver nanoparticles (Ag NPs) by fs-laser micromachining.

Two distinct Ti:Sapphire lasers were used in this study:

(i) An amplified system with repetition rate of 1 kHz, pulse

energy (Ep) of 400 lJ and 150 fs; and (ii) an oscillator operat-

ing at 5 MHz with pulses of 100 nJ and 50 fs, both centered at

800 nm. The laser pulses were focused beneath the sample

surface by a microscope objective (NA¼ 0.65), while the

sample was moved at constant speed in the plane perpendicu-

lar to the laser propagation (Fig. 1(a)). Thus, waveguides were

written throughout the sample. The formation of Ag NPs was

verified using linear absorption spectroscopy (Shimadzu

UV-1800) and transmission electron microscopy—TEM

(Tecnai G2 F20–200 kV) performed in a grating pattern (160

lines, 3 mm long, separated by 15 lm) produced by direct

laser writing using pulse energy of 30 nJ and an scan speed of

100 lm/s.

A standard optical coupling system, based on a He-Ne

laser (632.8 nm) and microscope objectives (Fig. 1(b)), was

used to couple and observe the light guiding. Waveguide

losses were determined by measuring the input and output

power at the entrance of the first objective and right after an

iris placed at the exit of the second objective, taking into

account the transmission of all components of the system. In

order to distinguish coupling from propagation losses, the

transmittance was obtained for a waveguide of 5.7 mm and

then for half of such length. Near-field propagation mode

was collected onto a CCD and analyzed in an image

software.

III. RESULTS AND DISCUSSIONS

The absorption spectrum of the as prepared silver doped

glass, displayed in Fig. 2 (curve A), shows that the sample is

transparent at the visible and near infrared, where fs-laser ex-

citation is performed. The UV absorption edge corresponds

to a band gap energy of 3.2 eV. A color change was observed

after the fs-laser irradiation using the oscillator system

(5 MHz repetition rate), as shown in the inset of Fig. 2. Such

color corresponds to a broad absorption band, centered at

470 nm (spectrum B), that corresponds to the surface

plasmon resonance of metallic nanoparticles. It is known

that the frequency, bandwidth, and intensity of the plasmon

band are affected by the size, shape, and dielectric environ-

ment surrounding the nanoparticles.17 In general, the surface

plasmon resonance of silver nanoparticles in oxide glass is

located at 450 nm.11 Thus, the absorption band at 470 nm in

spectrum B (Fig. 2) indicates that Ag0 NPs have been gener-

ated during fs-laser irradiation. Nonetheless, we used TEM

and electron diffraction to verify the presence and composi-

tion of the NPs, as illustrated in Fig. 3. Quasi-spherical NPs,

with diameter around 10 nm, were observed and the (111),

(200), and (311) crystallographic planes of silver were

indexed (crystmet database, #35881). The silver doped tung-

sten lead–pyrophosphate glass was also micromachined

using an amplified laser system, with repletion rate of 1 kHz

(150 fs, Ep¼ 380 lJ). In this case, the irradiation resulted in

an increase of the absorbance for the visible region of the

spectrum (a¼ 1.6 cm�1) due to the formation of color center

and reduction of silver ions.10,11,18 A small plasmon band

was observed only after a heat treatment, preformed at

400 �C for 1 h. The effect of color centers caused by the irra-

diation using the MHz laser can be ruled out, since the ab-

sorbance due to the plasmon band overcomes any absorption

caused by the color center.

It is known that high power laser and ionizing radiation

result in photoelectrons in oxide glasses, which move

through the solid at high speed leading to secondary

FIG. 1. Experimental setup used for

(a) femtosecond laser micromachining

used to produce waveguide and gener-

ate Ag NPs; and (b) waveguide charac-

terization at 632.8 nm.

FIG. 2. Linear absorption spectrum of (A) as prepared 70 Pb2P2O7–30 WO3:

1 AgCl (mol. %) glass; and (B) after the irradiation with fs-laser (oscillator

system—Ep¼ 30 nJ, 50 fs, and 5 MHz of repetition rate), using a scan speed

of 100 lm/s to produce a grating pattern of 160 lines with 3 mm, separated

by 15 lm. The inset shows the difference between the irradiated and non

irradiated regions of the sample.

193507-2 Almeida et al. J. Appl. Phys. 115, 193507 (2014)
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electrons and holes.19 These secondary electrons and holes

are trapped by defects in the glass matrix producing new

electronic configurations that are understood as color cen-

ters.18,20 In the case of femtosecond lasers in transparent

glasses, free electrons are generated due to nonlinear optical

interactions, as photoionization and avalanche ionization.7,8

The former directly promotes electrons from the valence to

the conduction band by multiphoton absorption, while ava-

lanche ionization requires seed electrons already in the con-

duction band, which keep absorbing energy from the photons

until it has enough energy to transfer an electron from the va-

lence to the conduction band by collision.21 In this way, the

generated electrons can be trapped (color center), or interact

to the ions in the glass matrix, resulting on the photoreduc-

tion of the Agþ, which is fundamental for the nanoparticle

nucleation. Finally, its growth happens due to atomic mobil-

ity promoted by some heating process.11

Although fs-lasers are known for avoiding thermal

effects during the light-matter interaction, depending on the

repetition rate, local heating can occur due to the cumulative

effect.22 For the oscillator system (5 MHz), the time interval

between two subsequent laser pulses is 200 ns, that is shorter

than the heat diffusion time out of the focal volume—gener-

ally 1 ls for high numerical aperture lenses. Therefore, metal-

lic nanoparticles are generated in a one-step laser processing,

since the heat promotes aggregation of the reduced metal

atoms into nanoparticles. On the other hand, for the amplified

system, pulses are delivered every 1 ms, resulting on enough

time to the lattice cool down before the next pulse arrives,

preventing the cumulative heat effect. Thus, when lasers with

kHz repetition rate are employed, a further annealing is

required to promote the growth of nanoparticles.

The process of nanoparticle formation in glass by femto-

second laser exposure can be summarized according to the

Eqs. (1)–(3), which describe the free electron generation due

to nonlinear optical interactions (Eq. (1)); the photoreduction

of silver ions (Eq. (2)); and the agglomeration of the neutral

atoms as a consequence of heat caused by high repetition

rate lasers or thermal treatment (Eq. (3)).23

Glass matrix �!ht
holeþ e�; (1)

Agþ þ e� ! Ag0; (2)

nAg0
�!D Agn: (3)

It has been reported that the presence of silver NPs in

silicate glasses leads to increase of the refractive index in

4.6% (or Dn¼ 7.10�2).24 Thus, the micromachined struc-

tures containing Ag NPs should be able to act as waveguide.

Furthermore, recent studies have suggested that high repeti-

tion rate lasers present some advantages over the low repeti-

tion rate systems, for providing more symmetric and circular

structures on account of the heat deposited by successive

pulses.14,22 For this reason, we have performed the light cou-

pling experiments only in the structures fabricated with

the oscillator. Images of the waveguides fabricated with

Ep¼ 35 nJ and 60 nJ, as well as their near-field distribution

of the light guided at 632.8 nm are shown in Figs. 4 and 5,

respectively. A representative top view image of the wave-

guides is illustrated in Fig. 4(a). We observed an increase of

the waveguide size from 2 to 30 lm, when the pulse energy

used for the micromachining was increased. The waveguide

shape also depends on the pulse energy; for the lower pulse

energy (Fig. 4(b)), we obtained an elliptical shape, with a

dark region at the center, and a more circular structure with

the dark region at the bottom for the higher energy (Fig.

5(a)). The dark region reveals a preferential aggregation of

the NPs in such positions. The preferential accumulation of

FIG. 3. TEM image and electron diffraction pattern obtained from the glass

sample after irradiation with fs-laser.

FIG. 4. Optical microscopy images of the waveguide fabricated with the os-

cillator laser (5 MHz of repetition rate), using pulse energy of 35 nJ, scan

speed of 10 lm/s, and NA¼ 0.65. (a) and (b) show the top and end views,

respectively, while (c) displays the near-field output profile of the light

guided at 632.8 nm.

193507-3 Almeida et al. J. Appl. Phys. 115, 193507 (2014)
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metallic NPs at the lower region has already been observed

for silicate and borosilicate glasses shined with fs-lasers.10,24

Such behaviour might be due to the non-uniform laser inten-

sity distribution as a consequence of the spherical aberration

caused by high numerical aperture lens,9 or because of the

self-focusing effect, that happens when materials with n2> 0

are exposed to high laser intensities.10 However, although

the dark regions present a higher amount of nanoparticles, it

is reasonable to assume that in the rim outside such region,

nanoparticles are also present, but in a smaller concentration,

since Ag atoms could diffuse to the boundary regions due to

fs-laser induced temperature gradient.25,26

Independently on the NP distribution, both structures

were able to guide light at 632.8 nm, indicating a refractive

index change at the irradiated regions. As waveguides have

been demonstrated in different glass due to structure modifi-

cation after femtosecond laser exposure,8 it is reasonable to

assume that the light confinement observed in Figs. 4(c),

5(b), and 5(c) results from a combination of the presence of

nanoparticles and structural modification. Because the nano-

particle formation happens in a single step process, it is not

possible to distinguish the contribution of each process on

the alteration of the refractive index. Nonetheless, based on

the literature, we suggest that the main contribution is caused

by the nanoparticles, once Dn¼ 1.4� 10�3 (Ref. 14) has

been observed on account of structural modification whereas

7� 10�2 (Ref. 24) when silver nanoparticles are produced

by direct laser writing in silicate glasses. In addition, no re-

fractive index change was detected in Foturan glass due to

irradiation with femtosecond laser of low energy, but a

Dn¼ 4� 10�3 was observed after further annealing as a

result of silver nanoparticle formation.27

In general, the light propagation occurs at the periphery

of the structures, as seen on the near-field output pattern of

Figs. 4(c) and 5(b). Nonetheless, in the case of the wave-

guide fabricated with Ep¼ 60 nJ, the light coupling also hap-

pens at the head of the structure, as shown in Fig. 5(c),

indicating a non-uniform refractive index distribution. Such

feature seems does not agree to the expected result, once the

region with high nanoparticle contraction should present an

enhancement of Dn and, therefore, higher light confinement.

However, the light guided (632.8 nm) can be absorbed and

scattered by nanoparticles. Thus, according to the increase of

nanoparticles, there is a decrease of the transmittance. This

trade-off between higher index of refraction and raise of

absorption and scattering defines if there will be light guid-

ing in a specific region. That is the main reason why the

guiding was not observed at those regions of preferential

accumulation of nanoparticles and the light confinement hap-

pens in the structure’s rim, where the refractive change over-

comes the absorption and scattering. We have analyzed the

optical loss of those waveguides measuring their transmit-

tance at 632.8 nm for the whole (5.7 mm) and half-length

waveguide. It is difficult to report the losses with accuracy

due to the high dispersion of the transmittance values, given

the nature of the waveguides. Nonetheless, for the wave-

guide fabricated with Ep¼ 35 nJ, we obtained a propagation

loss of 1.4 dB/mm and coupling loss of 9 dB, while for the

waveguide fabricated with Ep¼ 60 nJ, we found 0.5 dB/mm

and 11 dB, respectively. Such values correspond to an aver-

age of at least ten measurements. The differences between

both waveguides are related to their sizes and refractive

index distributions. Waveguides fabricated in silicate glass

slides (Corning 0215) using the same method have propaga-

tion loss of about 0.3 dB/mm at 632.8 nm.14 It is important to

point out that at 632.8 nm, the glass containing silver nano-

particles has an absorption coefficient of 0.8 cm�1 (corre-

sponding to an absorption loss 0.35 dB/mm) associated to the

plasmon band (see Fig. 2). Thus, the optical losses can be

attributed not only to the light scattering due to the rough-

ness of the waveguide but also to absorption at 632.8 nm. In

spite of those losses, the waveguides reported herein are still

interesting for photonic applications, since short optical path

are required. In addition, the waveguide efficiency is

expected to be better for the infrared wavelengths, where

there is no absorption and scattering are minimized.

IV. CONCLUSION

Femtosecond laser micromachining has already been

used to fabricate 3D waveguide in glass as well as to grow

metallic nanoparticles in controlled regions. In this paper,

we have shown how both features can be encompassed to

produce waveguides containing nanoparticles using one-step

laser processing, and characterized the propagation mode

and losses of those waveguides when low and high pulse

energy is applied for the fabrication. Nucleation and growth

of silver nanoparticles in lead–pyrophosphate glasses arise

from the photoreduction of the Ag ions and their aggrega-

tion, as a consequence of the free electron generation and the

FIG. 5. (a) End view of the waveguide

fabricated with pulse energy of 60 nJ,

focused 200 lm bellow the sample’s

surface using NA¼ 0.65, scan speed of

10 lm/s, and 5 MHz of repetition rate;

and (b) different light guided profiles

at 632.8 nm obtained by changing the

coupling alignment.
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local heat, provided by the irradiation with femtosecond

laser pulses with repetition rate of MHz. When amplified

laser system with kHz of repetition rate is employed, a sub-

sequent annealing is required to grow the nanoparticles,

since there is no local heat during the laser exposure to aid

metal agglomeration. By increasing the pulse energy from

37 to 60 nJ, the waveguide size increased from 2 to 30 lm,

while their propagation loss decreased from 1.4 to

0.5 dB/mm at 632.8 nm. Optical microscopy images showed

a preferential accumulation of nanoparticles in the center of

the smaller waveguide and at the bottom of the bigger one.

Such behavior is associated with the light intensity distribu-

tion profile, which can be affected by the self-focusing.

Therefore, the light guiding was observed at the peripheral

regions of the structures, suggesting a non-uniform refractive

index distribution.
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