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Laser-induced breakdown spectroscopy (LIBS) analysis is applied

to study the ablation threshold and the main plasma features of

active crystals used for laser processing with Nd3þ ions. The

experiments were conducted by using nanosecond laser pulses

from a neodymium-doped yttrium aluminum garnet laser and its

harmonics. In particular, we have studied the ablation process in

SBN, strontium barium niobate (SrxBa1�xNb2O6, x¼ 0.6), and SBN,

sodium barium niobate (Ba2NaNb5O15), nonlinear and ferroelectric

crystals. Two different ablation regimes have been identified by

LIBS analysis with high sensitivity compared with the standard

method of hole-diameter measurement. Analyzing spectroscopi-

cally the plasma emission, we have found a particular behavior with

the excitation wavelength. For example, the electronic density and

temperature in SBN-generated plasmas present an abnormal

behavior with the excitation wavelength. We therefore conclude

that the energy gap corresponding to these crystals plays an

important role in describing this fact. Hence, the resonant ablation

in doped crystals can be a suitable point for exploration in further

works in order to use the plasma performances to optimize the

laser processing by nanosecond pulses for technological applica-

tions.

Index Headings: Laser-induced breakdown spectroscopy; LIBS;

Laser crystals; Sodium barium niobate; BNN; Strontium barium

niobate; SBN.

Introduction

Laser processing of materials applied for tailored

integrated optical circuits has recently been an important

procedure used for the fabrication of photonics devices.

Online and real-time diagnosis of the tailoring process is

a requirement of this kind of laser processing. As an

example, when a ridge waveguide is defined on a thin

film deposited over the substrate, the laser ablation

threshold (LAT) and qualitative composition of the

material under excitation should be known. The LAT is

important because it enables us to know if the laser is

interacting with the thin film or with the substrate. One

condition that must be fulfilled is that the LAT of the

substrate must be greater than the thin film to ensure a

complete remotion in the interaction zone. In addition,

the qualitative composition of the material can be known

by spectroscopically analyzing the plasma formed due to

the laser-matter interaction. This analysis tells us if the

laser is interacting only with the thin film (the desired

condition) or with the substrate.

We use laser-induced breakdown spectroscopy (LIBS)

to determine both the elemental composition of the

sample and the LAT. Laser-induced breakdown spec-

troscopy is a well-known spectroscopic technique whose

main characteristics are that it needs no sample

preparation and offers reduced analysis time, portability,

and usefulness for online analysis.1–9 Not much work has

been done using LIBS as an analytical technique for

laser crystals characterization.10 Thus, there are still

many unanswered questions regarding the fundamental

mechanisms underlying the nanosecond laser interac-

tion with crystals. Gordillo-Vázquez et al.10 made a

plasma characterization of lithium fluoride (an optical

crystal) in vacuum conditions. However, they did not fully

characterize the ablation process, i.e., they did not

estimate a key parameter for laser processing such as

the ablation threshold. Therefore, in order to control and

optimize the micromodified regions made with nanosec-

ond pulses, laser-matter interaction dynamics need to be

further explored. Laser-induced breakdown spectrosco-

py could be a simple and efficient tool to reach these

goals.11,12

The laser ablation threshold (LAT) is an important

parameter that must be known before beginning the

laser processing. Proofs of this fact are the many

methods developed to measure the LAT. One of the first

methods used is based on photothermal deflection, by

detecting the refractive index gradient changes around

the crater formed by the ablation process.13–15 Another

widely used procedure is the measurement of the

diameter or depth of the craters produced, assuming a

Gaussian beam profile for the laser.16,17 There are also

methods based on the measurement of the quantity of

mass extracted18 and procedures that use a high-speed

framing camera to photograph the movement of the

material ejected from the surface.19 The measurement of

photo-induced electricity and the charge of ionized

species stemming from the ablation process have also

been reported for the determination of LAT.20 Laser

ablation induced photo-acoustics (LAIP) was also used to

determine the LAT in a nanosecond ablation re-

gime.5,21,22 Using this technique, it has been shown that

acoustic detection with a microphone makes it possible

to monitor the ablation process in real time and performs

ablation curves in a simpler and cheaper way. Laser

plasma emission (without spectral resolution) has been

used to measure the ablation threshold of steel plates,23

and the light emission was compared with the acoustical

signal emitted during the ablation. On the other hand, the

ablation threshold of ancient glass has been measured
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by using the emission of Si atoms from the ablation

plasma.24

Usually, ultraviolet (UV) nanosecond pulsed lasers are

the main radiation source used in the micromachining of

optical circuits.25–28 In recent years, ultra-short laser

writing for high and low repetition rates has emerged as

a robust technique, mainly due to the drastic reduction of

thermal effects during the laser-assisted procedure.29–31

Nowadays, the fabrication of two-dimensional (2D) and

three-dimensional (3D) microstructures by direct laser

writing is an active field of research, demanding a strong

knowledge of laser-matter interaction. This fact is

evident from the growing requirements for compact

and efficient production of photonic applications. The

main advantages of laser ablation are outstanding

spatial resolution, low sample contamination, and fast

processing speed. Nevertheless, the possible existence

and nature of permanent microstructural modifications

induced during the laser-writing process is still an open

question. Therefore, attention should be focused on

studying the optical properties around the tracks defined

by the laser-writing procedure. Optical microscopy as

well as high-sensitivity techniques such as microlumi-

nescence, micro-Raman, and scanning near-field optical

microscopy (SNOM) has been successfully used to test

the optical properties of the treated crystals.32–34

Strontium barium niobate (SBN) and sodium barium

niobate (BNN) are currently being studied due to their

high electro-optical and nonlinear optical coefficients for

photonic applications. These crystals are ferroelectrics

in which microdomain engineering is possible, and is of

great relevance for the development of second-order

photonic structures.35–37 Additionally, these samples

have the advantage of being easily doped with rare

earth elements, becoming a crystal laser host. Suitable

laser action of Nd3þ-doped SBN and BNN crystals has

been reported.36,38

The aim of this work is to characterize by using LIBS

the laser-matter interaction for optical materials em-

ployed in laser processing, particularly studying Nd3þ-
doped BNN and SBN crystals. Different ablation regimes

in nanosecond ablation are experimentally identified and

discussed. By using LIBS, the ablation threshold for each

regime was measured and compared with a standard

method. Also, by using spectroscopic data, we have

determined plasma temperature and electron density as

a function of the incident wavelength to get a better

understanding of laser-matter interaction in photonics

materials. Finally, to assess the importance of the matrix

effect in the laser-writing process, we have studied and

discussed it.

Experimental procedure

Figure 1 sketches the experimental setup used to

perform the experiments. The samples were mounted in

an XYZ motorized station perpendicular to the direction

of laser incidence. A 100 mm lens was used to focus the

laser onto the sample. The plasma emission was

analyzed employing a set of two lenses, to collimate

and focus the light into a fiber (0.1 mm opening) attached

to a cross-dispersion Echelle spectrometer (Mechelle

Multichannel Instruments) with a charge-coupled device

(CCD) incorporated camera of 280 3 1024 pixels. This

spectroscopic setup enables simultaneous detection of a

large spectral region and range (350 to 1100 nm with a

0.3 nm spectral resolution) in a single laser shot. The

spectral response of this system is corrected internally

by software by manufacturer. This correction is done in

such a way that the answer is nearly a plateau in all the

spectral range of the instrument.

The ablation process was carried out by means of a

Nd : YAG nanosecond pulsed laser from Continuum

Company (USA), delivering 10 ns pulses width, 10 Hz

repetition rate, and up to 400 mJ of energy per pulse.

Experiments at 532 and 355 nm were done by using a

second- and third-harmonic generation system. The

energy delivered by the laser was measured by a

thermopile, and it was controlled by using neutral

density filters.

Determination of the ablation threshold in these LIBS

experiments was done by employing two consecutive

laser pulses. The first of the pulses is used to clean the

surface, and the second one is intended to acquire the

Ba II (k = 455.41 nm) emission line intensity. If the

emission of the first laser pulse only is taken, then the

measured parameter would be the ablation threshold of

the dirt deposited over the samples, as is demonstrated

by Orzi et al.23

FIG. 1. Experimental setup used to carry out the nanosecond laser ablation in laser crystals.
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Strontium barium niobate (SrxBa1�xNb2O6, x = 0.6) and

BNN (Ba2NaNb5O15) crystals doped with Nd3þwere cut in

slabs with dimensions of 2 3 5 3 5 mm with surfaces

polished up to optical grade by using diamond powder

with the lowest size of 0.25 lm. The Nd3þ concentration

was 1% for every crystal.

The absorption spectra were measured using a Beck-

man DU-65 UV-visible spectrophotometer under room

temperature conditions.

Results and discussions

Ablation threshold determination. As shown in Fig.

2, emission lines from all the constitutive atoms of BNN

samples, namely Ba, Nb, O, and Na, were obtained. In

the case of Ba, we identified the emission of the neutral

and single ionized species. The spectra shown in Figs.

2d, 2e, and 2f correspond to the emitting elements

present in the ablation plume obtained for SBN crystals,

excited at 1064, 532, and 355 nm, respectively. As can be

seen, the emission spectra of all the elements in the

samples were found (Sr, Ba, Nb, O, and Nd).

In order to characterize the ablation regimes for the

Nd3þ-doped crystals used in these experiments, we

carried out two different experimental methods. The

physical meaning of those regimes is a change in the

ablation rate. In the so-called region II, the quantity of

material extracted by each laser pulse is larger than in

region I. The ablation threshold is measured by

extrapolating with a linear regression the region II until

the x-axis is intercepted. By contrast, region I is related

to the damaged threshold, which is always less than the

ablation threshold. Therefore, the ablation and damage

thresholds are different parameters. While the ablation

threshold is related with the minimum fluence needed to

extract material, the damage threshold can be produced

with no material extraction.

We conducted a standard method by measuring the

diameter (D) of the ablation holes as a function of the

fluence impinging on the sample. To determine the size

of the ablated hole, we explored the crater topography,

after the ablation process at 355 nm, by using an optical

microscopy. To describe this, we included optical

microscope pictures (see Figs. 3a and 3b) corresponding

to the ablation spots made during the experiments for

both samples. As can be seen, the diameter for both

holes is the same, about 30 lm, and the spot shows an

almost circular shape.

Figure 3c shows the D2 versus ablation fluence (for data

representation, the ordinate axis was set in log scale),

and as can be seen, the open and full circles correspond

to the Nd : BNN and Nd:SBN crystals, respectively. In

these experiments, we tested the diameter of the holes,

after irradiation with five laser pulses at 355 nm

wavelength, as a function of the pulse fluence. From this

figure, we can see complex behavior for every curve.

Only for the SBN crystal, we determined from the

experimental data the ablation threshold equal to 1.7 6

0.2 J/cm2, while region I intersects the axis of fluence at a

value of 0.6 6 0.2 J/cm2 (see Fig. 3c). This second region

is related with a change in the ablation rate. In contrast,

for the case of the BNN, the relationship between D2

versus the fluence presents strange behavior, and

drawing conclusions is not a straightforward task.

In the second experiment carried out, we used the

LIBS technique to build the ablation curve, which means

the emitted intensity (for a given atomic and ionic line)

against the incident fluence. We analyzed the emission

coming from Ba II (455.41 nm) present in the ablation

plume after two laser pulses at 355 nm. Figure 4a shows

the emission line intensity versus the fluence in linear

scale. The ablation regime for lower fluences (region I)

presents a flat dependence. On the other hand, from this

figure, as can be seen, the ablation threshold in region II,

reached at higher fluences, can be easily determined by

fitting the experimental points by a linear curve. Thus,

we obtained ablation threshold values for the two

crystals as 2.1 6 0.2 and 1.9 6 0.2 J/cm2 corresponding

to Nd : SBN and Nd : BNN, respectively.

To explore both regions in detail, we constructed the

same curve in a log-log scale. Figure 4b shows these

data. By fitting the experimental values, we can obtain

ablation thresholds of 2.1 6 0.4 and 1.92 6 0.3 J/cm2 for

the Nd : SBN and Nd : BNN crystal, respectively. On the

other hand, both ablation regimes can be explained taking

into account the post-breakdown model as it is described

by Radziemsky et al.39 The lower fluence regime (region I)

matches the laser-supported combustion model (up to 0.2

J/cm2 and plasma temperatures lower than 30 000 K),

while for region II, fluence values ranged from 0.1 to 20 J/

cm2 and plasma temperatures greater than 30 000 K

corresponds to the laser-supported detonation model. A

detailed description of those post-breakdown models is

given in chapter 2 of Radziemsky et al.39

The two different ablation regimes discussed above

are in agreement with the theoretical model presented in

the literature (Radziemsky et al.39). We think that it may

be possible to observe this due to the higher sensitivity

of the LIBS technique compared with standard methods

used for ablation threshold determination. We propose

this method as a suitable and sensitive procedure for

ablation threshold determination.

Matrix effect. As is well known, LIBS has some

deficiencies giving quantitative information. Several

papers have tried to explain this drawback, arguing that

the matrix effect could be a possible explanation. In brief,

the matrix effect can be understood in terms of the

responsiveness of the emission of the species. This

means that an element at the same concentration level in

two different environments (different matrices) can show

different atomic and ionic relative intensities and,

therefore, that the emission intensity does not follow

the sample stoichiometry. This fact has been explained

in recent papers and books, taking into account several

processes such as the selective ablation, cohesive

forces, and sublimation phases, among others.2,39–41

With this fact in mind, we observed for the three

excitation wavelengths employed (1064, 532, and 355 nm)

a discrete contribution of the Nd3þ intensity emission for

the SBN. By contrast, the situation is different in the BNN

case. The BNN sample (see Fig. 2) shows a clear

dependence on the excitation wavelength of the Nd

emission lines. This means that, when BNN is excited at

532 nm, the emission intensity of Nd ions is clearly

greater than in the other two cases. This effect is not
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observed with SBN. The underlying question is why this

happens, given that the two samples have almost the

same absorption at 532 nm. At this wavelength, both

samples show a resonant 2G9/2 and
4G7/2 to ground state

(4I9/2) transition (see Fig. 5, absorption spectra of BNN

and SBN).42 If this absorption explains the intense

emission of Nd in BNN, the same situation should be

shown for the SBN sample.

FIG. 2. LIBS spectra (a) and (d) 1064 nm, (b) and (e) 532 nm, and (c) and (f) 355 nm, corresponding to (a)–(c) BNN and (d)–(f) SBN crystals. Those

experiments were done using a fluence of 15 J/cm2.
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We propose that this is a clear example of the so-

called matrix effect from which the LIBS technique

suffers. The only difference between SBN and BNN is

the matrix from which the Nd ions and atoms are

extracted. All the rest of the experimental parameters

were carefully controlled in such a way as to ensure

compatibility between the experiments; in spite of this,

the Nd ion shows a greater emission in BNN than in the

SBN sample.

So for the case of BNN, we believe that this effect can

be exploited. We think that Nd ions can play a paramount

role in assisting the ablation process at 532 nm. This

means that, due to the absorption of the sample at this

wavelength, the ablation process could be carried out

with higher efficiencies than those where there is no

absorption (i.e., k = 1064 nm).

Plasma parameters determination. Several plasma

parameters can be estimated from LIBS spectra, i.e.,

plasma temperature (tk) and electron density (ne), among

others. Here, tk and ne are measured by employing the

well-known methods of the Boltzmann plot and Stark

broadening, respectively, which are described else-

where.39,43 The spectral transitions used to calculate

these parameters were Ba emission located at 553.50,

577.80, 606.30, 634.17, 659.50, 705.99, 712.03, and 728.03

nm for temperature estimation, and Ba II 614.5 nm for ne
estimation.44 The lines were selected according to (i) the

availability of the spectroscopic parameter required and

(ii) the emission lines observed in our experimental

conditions. The temperature and electronic density for

BNN and SBN crystals were calculated from data shown

in Fig. 2.

Table I summarizes the electronic temperature and

density values obtained in our experiments. After a

preliminary inspection, we can say that electronic

temperature and electronic density are strongly depen-

dent on the excitation wavelength for both samples used

in our experiments. When the BNN samples are excited

at 532 nm, the temperature is two times greater than at

excitation wavelengths of 1064 or 355 nm. In the case of

SBN, the electronic temperature excited at 355 nm is

three times higher than excitation at 1064 nm. On the

other hand, for SBN, the electronic density, as shown in

Table I, is three orders of magnitude greater for 355 nm

excitation than for 1064 nm. The situation is different in

the case of BNN, where the relation for the electronic

density in the plasma at 1064 nm is 7 times lower than at

355 nm excitation.

FIG. 3. (a) SBN and (b) BNN corresponding to optical microscopy pictures of the ablation holes. The scale is the same for (a) and (b). (c) D2 as

function of the ablation fluence at 355 nm for both crystals. BNN (full circles) and SBN (open circles). The data were fitted (dashed lines) to determine

the ablation threshold.

APPLIED SPECTROSCOPY

//xinet/production/a/apls/live_jobs/apls-68-04/apls-68-04-13/layouts/apls-68-04-13.3d � Tuesday, 4 February 2014 � 9:29 am � Allen Press, Inc. � Page 5

smorrow
Comment on Text
Cap and lowercase

[ss]/[ms]



The absorption spectra of the samples are used to

explain the abnormally high values of electronic tem-

perature found in our experiments when excitation is

carried out with different wavelengths (see Fig. 5). Both

samples show an absorption edge at 355 nm, but it is

clearly higher for SBN. Due to the location of the

absorption edge, the crystal ionization at this wavelength

can be reached by one photon absorption, and conse-

quently, the ablation efficiency result is higher at 355 nm

for the SBN crystal. This fact supports the higher

temperature and electron density found in this material.

The absorption spectra shown in Fig. 5 can also be used

to explain an apparent contradiction in the values of

electronic density for BNN and SBN?1 at 532 and 355 nm.

At 532 nm, the electronic density is nearly the same for

both samples. This fact is shown in Fig. 5. By other way,

the absorption at 355 nm is several times greater in BNN

than SBN, which means that the absorption for SBN does

not justify an increase in the electronic temperature of

this sample.

Finally, in order to discuss the matrix effect comment-

ed upon in the previous section, we studied the assisted

ablation by means of the Nd impurities present in the

active crystals. Thus, we also analyzed the plasma data

and then calculated the temperature and the electron

density for the plasma obtained after excitation using a

532 nm laser wavelength. The values obtained for

temperature [K] were: 29 100 and 30 000 for the BNN

and SBN, respectively, while for the electronic density

[cm�3], the values were 6.23 1019 and 1.53 1019 for BNN

and SBN, respectively. As can be seen, the values

obtained for the temperature and the electronic density

are higher at 532 nm than at 1064 nm. This fact could be

tentatively explained taking into account that the Nd3þ

ions, as impurities inside the crystals, play an important

role in the plasma formation by assisting the ablation

process by means of the impurity absorption by two-

photon absorption for 532 nm excitation, resulting in

ionization. Therefore, the presence of dopants in the

active crystals could be an important sensitizer helping

to perform in a controlled way the ablation process

involved in the laser processing active crystals. The use

of selective ablation by tuning the ablation laser source

could be an interesting tool to achieve suitable perfor-

mance for laser processing materials.

FIG. 4. Emission intensity (Ba II, 455.41 nm) versus ablation fluence at 355 nm excitation wavelength. The full circles correspond to BNN data while

open circles correspond to the SBN. The bottom figure corresponds to the same set of data represented in log-log scale.
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Conclusions

We have presented the ablation properties of active

crystals (Nd-doped SBN and BNN) by using LIBS. Two

different ablation regimes were identified by using this

method. In this sense, by extrapolating to zero intensity,

the straight line corresponding to regime II, the ablation

threshold has been estimated for each sample. The

values measured were 2.1 J/cm2, which corresponds to

the ablation threshold of the Nd : SBN sample, and 1.90

J/cm2, which corresponds to Nd : BNN sample. By

contrast, once the ablation rate changed (regime I), the

extrapolation of the experimental points showed values

of 0.3 and 0.08 J/cm2 for the Nd : SBN and Nd : BNN

crystals, respectively. These values could be understood

as the higher limit of the damage threshold of each

sample. By comparing the intensity versus fluence curve

corresponding to Nd : SBN with the D2 versus fluence, it

is observed that the values measured for both tech-

niques show a good agreement.

On the other hand, we calculated plasma parameters

such as temperature and electron density from LIBS

data. From these results, we conclude that the energy

gap for the active crystal plays an important role in

describing the plasma formation when the ablation

wavelength is tuned with an absorption edge. Also, in

this paper, we have introduced assisted ablation by

means of the absorption by the Nd3þ impurities present

in the crystals. Finally, we would like to remark that the

selective assisted ablation of the active impurities inside

the crystals could be an interesting feature that can

optimize laser processing for photonics or technological

applications, and we will explore this in future works.
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