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e use of nanoparticles to improve
LIBS analytical performance: nanoparticle
enhanced laser induced breakdown spectroscopy
(NELIBS)

A. De Giacomo,*ab M. Dell'Aglio,b R. Gaudiuso,ab C. Korala and G. Valenzaab

In this paper, the new approach for Laser Induced Breakdown Spectroscopy (LIBS) based on nanoparticle

deposition on the sample surface is reviewed from both fundamental and application points of view. The

case of Nanoparticle-Enhanced LIBS (NELIBS) of metal samples is used for describing and discussing the

main causes of the emission signal enhancement. A set of test cases is presented, which shows

enhancements up to 1–2 orders of magnitude obtained using NELIBS with respect to LIBS. The feasibility

and potential of NELIBS are also discussed for several analytical applications, including analysis of

metallic samples, transparent samples and aqueous solutions.
1. Introduction

NELIBS (Nanoparticle Enhanced Laser Induced Breakdown
Spectroscopy) is a variant of the well-known LIBS technique,
and is based on the deposition of metallic nanoparticles (NPs)
on the sample surface before laser irradiation, in order to
enhance the emission signal during LIBS.

The use of nanostructures as ‘spectroscopic enhancers’ is
getting growing attention for several applications in spec-
troscopy, microscopy and sensing.1–3 Many theoretical and
experimental studies have demonstrated that when a substrate
is irradiated with a laser aer NPs have been deposited on its
surface, the laser electromagnetic eld is locally enhanced and
a measurable current due to electron eld emission is induced
even at relatively low irradiance (around 1 GW cm�2).4–6 The
coupling between the laser electromagnetic eld and the
surface plasmons of the NPs in contact with a at surface
substrate has been investigated deeply in recent years.5,6

Nonetheless, so far only a few investigations have focused on
the effect of this phenomenon on the production of plasma
through the laser–matter interaction in the irradiance regime
providing signicant ablation. Most studies on this topic have
been carried out with ultra-short pulses, which provide a high
incident electromagnetic eld and at the same time allow
protecting the irradiated area of the sample from damage
related to the laser breakdown. In contrast, in this paper we
review the effect of ns-laser pulses at irradiance between 1 and
, Via Orabona 4, 70125 Bari, Italy. E-mail:

o.degiacomo@nanotec.cnr.it; Fax: +39

Via Amendola 122/D, 70126 Bari, Italy

1566–1573
10 GW cm�2. In this regime, it is possible to exploit the elec-
tromagnetic eld enhancement for the laser breakdown of the
sample during the ablation process, and to consequently
enhance the LIBS signal. Indeed, depositing NPs on the
sample surface can strongly affect several aspects of the laser
ablation process, which include change of the optical prop-
erties of the target surface, introduction of thermally insulated
defects into the irradiated area and increase of the laser
electromagnetic eld due to the laser-induced local plasmonic
eld of the NPs themselves. Macroscopic changes of the
substrate surface properties can affect the plasma formation
and, in turn, the optical emission, only to a limited extent
(increasing the emission signal up to 2–4 times). On the other
hand, the electromagnetic eld enhancement can virtually
increase the emission signal up to several hundred times with
respect to the signal of a sample ablated under normal
conditions.7 Based on this observation, it appears that NELIBS
can give a strong boost to LIBS in terms of sensitivity, enabling
most of the well-known LIBS advantages8 also for trace
element quantication in laboratory analysis. Of course, the
deposition of NPs is in itself a sample preparation procedure,
that, though simple and not time consuming, may be difficult
or impossible in on-eld applications or remote sensing.
Nonetheless, the future of NELIBS seems to be promising for
laboratory applications where a fast response, minimum
sample sacrice and Limit Of Detection (LOD) at the ppb level
are required.

In this paper, examples of critical LIBS experiments with
different kinds of samples are discussed and compared with
NELIBS, in order to illustrate the great potential of NP use in
analytical LIBS, as well as to review the already obtained
achievements and suggest further possible developments.
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ja00189k&domain=pdf&date_stamp=2016-07-23
https://doi.org/10.1039/c6ja00189k
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA031008


Perspective JAAS

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 D

eg
li 

St
ud

i d
i N

ap
ol

i F
ed

er
ic

o 
II

 o
n 

3/
9/

20
21

 1
:1

6:
48

 P
M

. 
View Article Online
2. Experimental set-up

The apparatus for NELIBS experiments is the same as that used
in conventional LIBS. The difference is in the experimental
procedure, i.e. the plasma is generated at the surface of targets
where spherical metal NPs have been deposited, by drying one
(or more) micro-drop of colloidal solutions with a given
concentration. In the experiments described in this work, Ag
and Au NPs were used, the drop volume was 1 ml, and the
solution concentrations were in the range of 10�4 to 10�1 mg
ml�1.7 The emission spectra can be acquired with a spectro-
graph coupled either with a fast ICCD able to work in mono-
dimensional (for spectroscopy) and bi-dimensional modes (for
imaging) or directly with a time-integrated detection system. To
exploit the emission enhancement as much as possible, it is
advisable to reduce the plasma image. In this way, the radiation
coming from the whole plasma can be collected in the optical
ber aperture or directly in the spectrograph slit. The NP
deposition procedure plays a crucial role in the efficiency of NP-
induced effects on the ablation process, and thus in the emis-
sion enhancement. In the simplest case, that is the one used for
all the experiments presented in this work, one drop (1 ml) of
colloidal solution is deposited on the sample with a micropi-
pette, and then gently dried by blowing air, so that a dried spot
of 2–3 mm in diameter is obtained. More sophisticated
methods are also possible to deposit NPs before evaporating the
solvent (e.g. an electrolyte may be added to the drop of NP
colloidal solution to modify the ionic strength of the solution
and precipitate NPs, or a suitable capping agent may be used as
a spacer to prevent NP agglomeration, etc.). In any case, the
sample preparation can be very fast and easy, because, as
demonstrated in ref. 7, once the optimal surface concentration
of NPs is reached, the eld enhancement is moderately affected
by their concentration in a large range of concentrations (see
the next section). Finally, NELIBS works in single shot mode,
because aer the rst shot the NP layer is virtually completely
removed by the laser shot itself and by the laser-induced shock
wave which also prevents sample contamination by NPs, as
discussed in ref. 9 and by the laser-induced shock wave. It is
worth underlining that the timescales of NP-mediated ablation
(see later on) and of the laser-induced shock wave propagation
on a nanometric scale are considerably different (10�12 to 10�13

s for the rst,10 10�8 to 10�7 s for the second). Therefore, in
single shot mode they can be considered as completely sepa-
rated events, but in multi-shot mode the interaction of the
subsequent pulses with the substrate would be affected by the
partial NP removal due to ablation and shock waves induced by
the previous pulses.

These considerations suggest that an easy experimental
approach to the sample preparation can be used, which in turn
has two practical implications. First of all, an accurate control
of NP deposition is not required, once the conditions are
properly optimized. Second, the sample is not irreparably
contaminated aer the NELIBS experiment and is ready for
a new measurement by NELIBS or by other analytical
techniques.
This journal is © The Royal Society of Chemistry 2016
3. Discussion

As mentioned previously, NELIBS is a variant of the LIBS tech-
nique, based on the deposition on the sample surface, before
the laser irradiation, of metallic NPs with a suitable interpar-
ticle distance. In this view, NELIBS may be included in the
category of sample treatments for LIBS.11 The phenomenon of
interest for NELIBS is related to the fact that the laser pulse can
induce a coherent oscillation of the conduction electrons in
NPs. This in turn amplies the incident electromagnetic eld
and the electric eld near the particle surface, allowing efficient
production of seed electrons through electron eld emission.
When a metallic sample under laser irradiation has its surface
covered with nanoparticles, the electromagnetic eld of the
incident light5,6 is hugely increased (1–3 orders of magnitude),
and it is possible to obtain direct electron emission from the
surface. The competition between multiphoton ionization and
electron eld emission can be quantied by the Keldysh
parameter.12 The latter allows quick estimation if ionization
takes place by absorption of photons, so that electrons can
escape through direct or indirect paths of ionization, or if by
eld emission, by tunneling the work function barrier. The
original formalism of the Keldysh parameter is given by the
following equation:12

g ¼ u

ffiffiffiffiffiffiffiffiffiffiffiffi
meVB

p
eF

(1)

where VB is the potential energy of the barrier (i.e. the work
function potential), F is the electric eld intensity, u is the laser
frequency and me and e are the electron mass and charge,
respectively. If g > 1, themain contribution to sample ionization
is multiphoton ionization; in contrast, if g < 1, the main
mechanism is eld emission. An example was reported in ref. 7
for LIBS of titanium: considering laser irradiance ¼ 3 � 108 W
cm�2, electric eld intensity ¼ 10 MV m�1 and work function ¼
4.33 eV, the Keldysh parameter g > 102, and as usual multi-
photon ionization is the mechanism of free electron produc-
tion. In contrast, during NELIBS the laser eld is enhanced by
a factor of 102 to 103 (ref. 6) as a result of plasmon coupling,
thus g � 1, and the main contribution to free electron
production is electron eld emission. During the eld emission,
due to sample heating and electron acceleration upon laser
irradiation, the electron ow further increases for the Schottky
effect,13 thus signicantly increasing the efficiency of break-
down induction and electron excitation. In this frame, the
plasma emission is muchmore intense with respect to LIBS and
the enhancement factor GOES can be used for a systematic
comparison between NELIBS and LIBS:

GOES ¼ INELIBS

ILIBS

¼ N0;NELIBS

N0;LIBS

ZðTLIBSÞ
ZðTNELIBSÞ exp

�
Eu

k

�
1

TLIBS

� 1

TNELIBS

��
(2)

The meaning of the terms in eqn (2) is the following: I
emission intensity,N0 total number density of the given emitter,
J. Anal. At. Spectrom., 2016, 31, 1566–1573 | 1567
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Z (T) partition function, T plasma temperature, Eu energy of the
upper level, and k Boltzmann constant.

Eqn (2) shows clearly that the enhancement is due to two
contributions: the rst is related to the number of emitters and
the second to the different plasma temperature in NELIBS and
LIBS.7 The effect of temperature has been discussed in detail in
ref. 7 and 9 and is related to the fact that different enhancement
can be found for transitions involving different upper energy
levels. Here we will focus our discussion on the enhancement
component due to the number of emitters.

In Fig. 1, the total emission image in the case of Ti ablation is
reported, and shows that during NELIBS the plasma is much
more luminous, which suggests the possibility of much higher
sensitivity in the detection of elements. In the following para-
graphs, some applications will be discussed in order to show
the NELIBS effects in specic analytical cases.

3.1. NELIBS of metals

Metals are for sure the best samples to investigate the basic
aspects of NELIBS, because they provide electrical contact with
and between the NPs and enable efficient laser–matter
coupling. In a rst approximation, we can consider that the
effect of the change in optical properties of the surface due to
the deposition of NPs is negligible with respect to the electro-
magnetic eld enhancement effect. Therefore, the amount of
ablated mass becomes directly proportional to the actual laser
electromagnetic eld14,15 and consequently the ratio of the
ablated mass (and in turn the number of emitters in the
plasma) with and without NPs should be directly proportional
to the eld enhancement. In any case, the enhancement of the
electromagnetic eld during the laser–matter interaction
strongly affects the seed electron production required for
plasma induction. As mentioned in the previous section, the
Keldysh theory12 explains how the mechanism of seed electron
production changes from the classical photoemission mecha-
nism (i.e. multiphoton ionization) to a tunneling one (i.e. elec-
tron eld emission) upon increasing the electromagnetic eld
on the irradiated sample.5,7

The direct production of electrons from the metallic sample
(eld emission), promoted by the excitation of NP surface
Fig. 1 NELIBS and LIBS emitter spatial distribution: (a) position with
respect to the target of spatial distribution maxima as a function of
time; (b) typical spatial distribution of emitters (delay time 1800 ns;
gate width 50 ns).

1568 | J. Anal. At. Spectrom., 2016, 31, 1566–1573
plasmons, enhances the breakdown efficiency and thus gener-
ates a much more intense plasma. An example of this is shown
in Fig. 2a, which compares the emission spectrum of NELIBS
and conventional LIBS of Ti, and displays an enhancement of
the emission line intensity of about 300 times. It is important to
underline that the electrical contact between the NPs and the
metallic substrate causes the extraction of electrons by electron
eld emission to involve a signicant portion of the metallic
substrate. In turn, this suggests that this method can be a suit-
able strategy to improve the sensitivity of many laser ablation-
based analytical techniques, not only LIBS, but also, for
example, LA-ICP and MALDI.16,17

In general, the efficiency of the eld enhancement depends
on two main parameters: laser irradiance, and surface concen-
tration of NPs on the substrate, which is directly related to the
packing density.

Fig. 2b shows the effect of laser irradiance on the emission
enhancement, GOES, which increases linearly up to a maximum
(4 GW cm�2 under the experimental conditions employed in
this work). At even higher irradiance, the trend inverts and the
emission enhancement starts to decrease. This suggests the
possible occurrence of non-linear effects responsible for
the excitation of electrons within the individual NPs and thus
the generation of hot electrons and effective charge separation,
which in turn can result in a decrease of the eld
enhancement.18

The trend of the intensity enhancement as a function of NP
surface concentration, reported in Fig. 2c, clearly shows
a discontinuity between two distinct regimes of breakdown, i.e.
electron photoemission and electron eld emission. Fig. 2c
shows that for low NP concentration the main effect on the
ablation is due to the NPs acting like thermally insulated defects
dispersed on the sample surface. As expected,19 in this regime
the intensity enhancement shows a linear trend with the
number of defect points. On the other hand, when a critical
surface concentration is reached, an evident discontinuity is
observable. At this concentration of NPs, the inter-particle
distance becomes effective for inducing the collective oscilla-
tion of conduction electrons in NPs upon laser irradiation. Like
in Surface-Enhanced Raman Spectroscopy (SERS), there is an
optimal value of the packing density, namely the ratio between
the diameter of NPs (d) and the inter-particle distance (D). This
provides the maximum eld enhancement18,20 and, in turn, the
maximum emission signal of the laser induced plasma. This
can explain why the enhancement decreases once a certain NP
concentration is exceeded. Indeed, when D is short enough to
enable the constructive interference of the plasmonic oscilla-
tions, the breakdown efficiency depends on the escape of elec-
trons out of the NP surface. At even shorter D, this process can
be in competition with electron tunneling through the junction
between adjacent NPs.7 The latter process, in addition to the
formation of large agglomerates, can reduce the induced plas-
mon eld enhancement; thus the emission enhancement
decreases, as Fig. 2c clearly shows, at high values of the NP
surface concentration. Moreover, too many NPsmay prevent the
laser from actually reaching and effectively ablating the sample
surface.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 NELIBS enhancement with respect to LIBS: (a) a frame of the Ti-
plasma spectrum (laser irradiance: 8 GW cm�2 at 1064 nm; time delay
from the laser pulse: 800 ns; gate width: 1 ms). In the case of NELIBS, Ag
NPs were deposited on the Ti sample (diameter: 10 nm; surface
concentration: 3.5� 10�4 mg cm�2); (b) emission enhancement,GOES,
as a function of laser irradiance. For NELIBS, Ag NPs were deposited on
the Ti sample (diameter: 20 nm; surface concentration: 1.6 � 10�3 mg
cm�2); (c) emission enhancement, GOES, as a function of the surface
concentration of Ag NP (diameter: 10 nm).

This journal is © The Royal Society of Chemistry 2016
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The instantaneous generation of seed electrons by eld
emission enables a multi-point ignition of the plasma and
promotes a more homogeneous ablation, as shown by the SEM
images reported in ref. 7. On the other hand, this is not the only
effect in plasma formation: the signicant and instantaneous
emission of electrons, caused by the laser and plasmonic eld
coupling, causes the ions to be further accelerated out of the
sample with respect to conventional LIBS. The initial rate of
expansion of NELIBS is then increased and the plasma reaches
the internal wall of the shockwave produced by the laser–matter
interaction21 at earlier times than with conventional ablation.
Therefore, in NELIBS, ions and atoms are back-reected by the
shockwave wall and concentrate at a shorter distance from the
target, so that a much higher number density is observed
throughout the temporal evolution of the NELIBS plasma with
respect to the LIBS one. The higher number density of the
NELIBS plasma can cause a faster decrease of the excitation
temperature. As a consequence, at the beginning of plasma
expansion, the excitation temperature in NELIBS is higher than
that in LIBS and within some hundreds of nanoseconds the
situation inverts,22 as reported in Table 1. During the plasma
evolution, the enhancement ratio of different transitions is
different.7 For this reason, in order to estimate the actual
enhancement, we determined the total number density of
emitters in NELIBS and LIBS by assuming a Boltzmann distri-
bution for their population at the experimental temperature.7,22

Table 2 shows the dependence of the intensity enhancement
on laser wavelength. It is interesting to note that at the wave-
lengths used in this work, the dependence of the NELIBS signal
on wavelength is moderate, while in LIBS it is more marked.
This observation is related to the mechanism of breakdown
initiation. Electron photoemission (that is the ignition process
in LIBS) is strongly affected by the dependence of the absorp-
tion coefficient on the incident wavelength. In contrast, in
NELIBS the main phenomenon is the collective electron oscil-
lation induced in the NPs by the laser beam, and this mainly
depends on the amplitude of the laser electromagnetic eld,
with no need for the laser wavelength to be in optical resonance
with the surface plasmon one.

From the analytical point of view, this discussion implies
that it is possible to strongly enhance the LIBS performance in
the element detection in metal alloys.9 As an example, in Fig. 3
the comparison of the calibration curves of Mn and Pb in the
case of a copper-based alloy (taken from ref. 9) is reported. It is
evident that, during NELIBS, the sensitivity and LOD are
enhanced by more than one order of magnitude, allowing the
detection of trace elements with a better accuracy than with
conventional LIBS. Interested readers may nd further exam-
ples in ref. 7 and 9.
3.2. NELIBS of transparent media

Transparent media, such as glass, have always been considered
challenging for LIBS because the focused laser pulse can
penetrate through the sample and cause cracks and poor
reproducibility.23 In this specic case, depositing nanoparticles
on the surface can provide several advantages, because the laser
J. Anal. At. Spectrom., 2016, 31, 1566–1573 | 1569
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Table 1 Boltzmann plot analysis of NELIBS and LIBS at different time
delays from the laser pulse and gate width of 500 ns, at a laser irra-
diance of 1.5 GW cm�2 at 1064 nm (for NELIP 3.5 � 10�4 mg cm�2 of
20 nm diameter Ag NPs) from ref. 22

Delay
(ns)

NELIP Tex
(K)

LIP Tex
(K)

NELIP K � NTOT

(cm�3)
LIP K � NTOT

(cm�3)

800 14 300 � 1200 10 500 � 900 7.9 � 1018 6.5 � 1016

1300 8700 � 900 10 400 � 900 8.0 � 1018 3.8 � 1016

1800 8400 � 800 10 400 � 900 5.5 � 1018 2.4 � 1016

Table 2 Effect of laser wavelength on excitation temperature and
total number density of emitters in NELIBS and LIBS (laser irradiance is
1 GW cm�2; delay time 800 ns, gate width 5 ms; for NELIP, 3.5 � 10�4

mg cm�2 of 20 nm diameter Ag NPs). The temperature was obtained
by the slope of the Boltzmann line and the relative total number
density was estimated by the intercept and the partition function at the
experimental temperature, while K is an instrumental constant. The
fraction of ionized emitters was calculated by the Saha equation at the
experimental temperature

Laser
wavelength
(nm)

NELIP Tex
(K)

LIP Tex
(K)

NELIP
K � NTOT

(cm�3)
LIP K � NTOT

(cm�3)

355 7600 � 900 6300 � 600 4.7 � 1018 1.4 � 1017

532 9100 � 900 8600 � 900 4.5 � 1018 3.0 � 1017

1064 11 000 � 1000 8200 � 800 6.6 � 1018 1.5 � 1018

Fig. 3 An example from ref. 9 of comparison between the LIBS and
NELIBS calibration lines of (a) Mn and (b) Pb contained in copper-based
alloys.
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pulse couples with the deposited NPs rather than directly
interacting with the glass, as shown in Fig. 4. In this case, where
the substrate is not conductive, the electron eld emission due
to the laser eld enhancement can only involve the layers of the
substrate that are in direct contact with the deposited NPs.
Therefore, thanks to the NP mediation, the laser–glass coupling
is made possible only at the very sample surface, and at much
lower irradiance than in normal LIBS.11 The result is that an
intense plasma is generated on the glass surface, providing
information about the elemental composition of the most
supercial layers of the glass sample.

As mentioned previously, the presence of NPs allows
inducing the plasma at the glass surface at much lower irradi-
ance than in common LIBS. Thus, a larger laser spot can be
used, allowing a much gentler ablation and preventing cracks.
Moreover, using a larger spot (in our experiments, about 2 mm)
has one further advantage, i.e. beneting from the enhancing
effect of a higher number of NPs.

Fig. 5 shows a comparison between NELIBS and LIBS spectra
of borosilicate glass, obtained with a 532 nm laser pulse and an
irradiance of 0.8 GW cm�2. While the LIBS spectrum under
these experimental conditions does not contain any signal, the
NELIBS spectrum clearly shows measurable peaks. It is inter-
esting that, as observed for metals, once a certain critical
concentration of NPs is reached, the glass emission signal does
not appear to have a strong dependence on the NP concentra-
tion. Moreover with conventional LIBS, in order to achieve the
same spectral intensity of the NELIBS spectrum, a much higher
irradiance is required (about 3 times), with the other
1570 | J. Anal. At. Spectrom., 2016, 31, 1566–1573
experimental parameters kept unchanged. As a consequence,
the sample damage induced by LIBS is much higher, while the
gentler ablation regime enabled by NELIBS can better preserve
the sample. For its peculiar non-destructivity, this technique
may be successfully applied to the analysis of precious trans-
parent samples, such as artistic or archaeological glasses and
gemstones.
3.3. NELIBS of liquid solutions

The NP effect on LIBS of non-conducting samples can also be
exploited in a different way, i.e. for enhancing the signal of
analytes deposited on top of the NP layer, rather than that of
substrates below them, as in the examples discussed so far. This
is for example the case of the analysis of micro-drops of liquid
solutions.24,25 As is well known, solutions can be successfully
analyzed by LIBS either directly in the liquid phase by Double
Pulse (DP) techniques or by depositing and drying drops of
solution on a substrate. While DP-LIBS enables analysis of
solutions down to ppm levels,26 the method of drying several
drops of solution virtually does not have any LOD limitation, as
far as there is no restriction in the available amount of solution.
In contrast, if only a few microliters of solution are available for
the analysis, sensitivity can become a major issue in LIBS
analyses. In these cases, the use of NPs can strongly improve the
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 LIBS and NELIBS of glasses. The spectra were obtained with F¼
8 J cm�2. For NELIBS, AgNPs were deposited on the glass surface
(diameter: 20 nm; surface concentration: 0.15 mg cm�2).

Fig. 5 Comparison between LIBS and NELIBS of borosilicate glass. I ¼
1.3 GW cm�2. For NELIBS, Ag NPs were deposited on the glass surface
(diameter: 20 nm; surface concentration: 0.15 mg cm�2).

Fig. 6 NELIBS microdrop calibration curve of Ag I at 328.07 nm from
ref. 25. Laser irradiance of 8 GW cm�2, Au NPs (1 ml, 0.03 mg ml�1).

Fig. 7 Comparison between NELIBS and LIBS Li signals in a solution of
the protein Reaction Center (RC) from the purple bacterium Rhodo-

�5 25
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LIBS sensitivity enabling sub-ppb level measurements. In this
further variant of NELIBS, one drop of NP solution is deposited
and dried on a non-conducting substrate prior to dropping the
analyte solution. In this way, the eld enhancement effect can
involve the analyte species deposited on the NP layer. Fig. 6
shows the calibration curve of Ag (Ag I, 328.068 nm), in 1 ml of
AgNO3 solution. It can be noted that concentrations as low as
few hundreds of ppt can be measured by NELIBS, while in the
case of LIBS the LOD was in the order of hundreds of ppb.25

In this case, in addition to the electromagnetic eld
enhancement described in the previous sections, two further
advantages arise. First of all, the adsorption of solution analytes
on the NP surface, which ensures that virtually all the deposited
analytes are transferred to the plasma phase with one single
laser shot. Moreover, with conventional LIBS the mass of the
dried solution is very low (about 1 ng) and the LIBS plasma
This journal is © The Royal Society of Chemistry 2016
becomes weak because it contains few material particles
(atoms, ions and electrons). In contrast, in NELIBS the NPs feed
the plasma with atoms, ions and electrons generated by the
ablation of NPs themselves; thus a more intense and stable
plasma is produced.

Another case of particular interest is the detection of metals
in biological media which by using LIBS is rather challenging,
because when ablating organic or biological molecules, the high
amount of atoms difficult to ionize (carbon, nitrogen etc.) can
lead to important plasma quenching. As an example, the
comparison between NELIBS and LIBS spectra of a solution of
the Reaction Center from the purple bacterium Rhodobacter
sphaeroides is shown in Fig. 7. This protein was treated with
alkali metal salts. Aer extensive dialysis, the native function-
ality was restored and all the cations were removed, except Li.
LIBS and NELIBS were then used for detecting the Li
content.25,27 An enhancement of one order of magnitude was
observed for Li emission lines at 671 nm when NPs were
bacter sphaeroides at a concentration of 10 M.
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deposited, thus enabling the Li content quantication using the
calibration curve method. The same approach was extended to
the quantitative analysis of metals in human serum.25 These
latter examples appear to open the way for promising applica-
tions in medical and forensic applications of LIBS.

4. Conclusion

In this paper, the use of NP deposition on the sample surface for
LIBS analysis was discussed, both from the fundamental and
application points of view. Three different typologies of NELIBS
experiments were presented, i.e. metals, glasses and liquid
solutions, demonstrating the efficiency of NELIBS with respect
to conventional LIBS. The main causes of the enhancement are
related to the better ablation efficiency when the laser electro-
magnetic eld couples with the induced NP plasmonic eld. At
the same time, an important role is played by the injection of
atoms and ions provided by the breakdown of NPs themselves,
when a small amount of sample is analyzed by LIBS. The overall
results suggest the impressive potential of NP use in LIBS, as
well as in other laser ablation-based techniques, at least for
what concerns laboratory applications.
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