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Abstract

Femtosecond laser-induced breakdown spectroscopy (fs-LIBS) is employed to detect tiny amounts of mass ablated from

macroscopic specimens and to measure chemical images of microstructured samples with high spatial resolution.

Frequency-doubled fs-pulses (length 400 fs, wavelength 520 nm) are tightly focused with a Schwarzschild microscope

objective to ablate the sample surface. The optical emission of laser-induced plasma (LIP) is collected by the objective

and measured with an echelle spectrometer equipped with an intensified charge-coupled device camera. A second fs-laser

pulse (1040 nm) in orthogonal beam arrangement is reheating the LIP. The optimization of the experimental setup and

measurement parameters enables us to record single-pulse fs-LIBS spectra of 5 nm thin metal layers with an ablated mass

per pulse of 100 femtogram (fg) for Cu and 370 fg for Ag films. The orthogonal double-pulse fs-LIBS enhances the recorded

emission line intensities (two to three times) and improves the contrast of chemical images in comparison to single-pulse

measurements. The size of ablation craters (diameters as small as 1.5mm) is not increased by the second laser pulse. The

combination of minimally invasive sampling by a tightly focused low-energy fs-pulse and of strong enhancement of plasma

emission by an orthogonal high-energy fs-pulse appears promising for future LIBS chemical imaging with high spatial

resolution and with high spectrochemical sensitivity.
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Introduction

Progress in science and technology places increasing

demands on chemical materials analysis and new technolo-

gies with improved analytical performance need to be

developed. As an example, in microelectronics, the micro-

structured electronic components consist of many different

chemical elements and materials’ characterization at the

micrometer and nanometer scale is required. The compos-

itional analysis with high spatial resolution is a demanding

task and requires the use of sophisticated techniques.

Laser-induced breakdown spectroscopy (LIBS) is a well-

known technique for chemical element analysis with many

applications in a wide range of fields. The technique exploits

the light emitted by a transient plasma that is generated by

pulsed-laser ablation of material from a sample. LIBS

enables high-speed measurements, multi-element detec-

tion, and spatially resolved analysis making it an excellent

candidate for the characterization of microstructured

samples.
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The LIBS technique has been employed for chemical

imaging with element-specific spatial contrast (‘‘element

imaging’’) of many different materials1 including biological

samples,2–4 ceramics,5 metal coatings,6 metals,7–11 nanopar-

ticles,12,13 Li-ion solid-state electrolytes,14,15 printed circuit

boards,16 and thin films.17 The achievable spatial resolution

depends on the size of the ablation crater. In most studies

on LIBS imaging, nanosecond (ns) laser pulses have been

employed and the crater size was varying in the range of

tens of mm, depending on experimental parameters such as

the laser pulse energy. The crater size can be reduced by

using pulses of low energy (<1mJ) that are focused to small

spots on the sample surface.18–21 With femtosecond (fs)

laser pulses, smaller and well-defined ablation craters can

be obtained due to the reduced heat-affected zone.22–27

The fs-pulse energies are typically in the mJ range and

close to sub-micrometer craters were obtained.18,19 This

indicates that improved spatial resolution should be achiev-

able using ultrashort laser pulses in LIBS. On mica samples

very small craters with a full width half-maximum of 450 nm

were obtained and reliable spectral information was mea-

sured by Zorba et al.28 Fs lasers are also used in related

analytical techniques such as laser ablation inductively

coupled plasma-mass spectrometry and optical emission

spectroscopy.29–33 One of the major drawbacks of LIBS

compared to other analytical techniques such as scanning

electron microscopy with energy dispersive X-ray analysis,

X-ray fluorescence, particle-induced X-ray emission, and

mass spectrometry is the low sensitivity.34–37 Therefore,

several methods have been proposed to improve the ana-

lytical capability of LIBS. The most common one is double-

pulse LIBS which involves ablation of the sample with a pair

of pulses temporally separated by an interpulse delay (��).
An increase in signal intensity by a factor of 40 in double-

pulse (DP) LIBS compared to single-pulse (SP) LIBS was

reported in early studies and the highest intensity enhance-

ment reported so far is 360� .38,39 Many studies on DP-

LIBS have been performed to understand the mechanisms

of emission signal enhancement. The physical properties of

laser-induced plasma (LIP) such as temperature and elec-

tron number density and their dependence on interpulse

delay have been studied.40–42 The intensity enhancement

has been found to depend on many experimental param-

eters such as laser wavelength, pulse energies and duration,

and the geometrical arrangement of the two laser beams,

i.e., collinear and orthogonal beam geometry.43 Lately, the

DP-LIBS technique has been applied using fs-pulses in the

collinear beam configuration and an enhancement of line

intensities has been observed.40,41,44,45 In this configuration,

the amount of ablated material and the size of craters are

increased compared to fs-SP ablation, as both fs-pulses

interact with the sample.

In the present study, we report on fs-SP-LIBS measure-

ments and on fs-DP-LIBS experiments in orthogonal beam

geometry. Optimization of setup and experimental

parameters enables detecting ablated masses in the femto-

gram (fg) range by fs-SP-LIBS. The orthogonal geometry in

fs-DP-LIBS offers advantages as only one laser pulse inter-

acts with the sample, while the other pulse interacts with

the plasma or the ambient medium above the sample sur-

face. At low energy of the ablating pulse, the sampled mass

and the crater size can be kept small, and the faint optical

emission of plasma can be enhanced by the second more

powerful pulse. The measured line intensities are increased

and the contrast in high-resolution LIBS images is improved.

Experimental

Measurement Setup

The fs-LIBS setup was developed and constructed at

Johannes Kepler University Linz (Fig. 1). A pulsed ytter-

bium-doped laser (Spectra-Physics Spirit 1040-16-HE)

with a pulse width of 400 fs and a central wavelength of

1040 nm was employed in the measurements. This laser is

capable to deliver pulses with energy up to 70 mJ (measured

at the exit port of the laser with a power meter, Spectra-

Physics, 407A) at an adjustable repetition rate from single

shot up to 1MHz. The laser beam profile is close to

Gaussian (M2¼ 1.2) with a beam diameter of

2w0¼ 2.5mm as measured by a charge-coupled device

(CCD) camera (WinCam D, pixel size 4.65� 4.65 mm2).46

A beta barium borate crystal was used to generate pulses at

the second harmonic wavelength of 520 nm. This laser

beam was directed perpendicular to the sample surface

and tightly focused by means of a Schwarzschild objective

lens (magnification 40�, Thorlabs, LMM-40X) to ablate the

sample. For the DP measurements, the laser beam was

introduced into a beam splitter that reflects the fundamen-

tal and transmits the frequency-doubled laser radiation. The

reflected laser radiation was directed towards the sample

and focused with a convex lens (f¼ 75mm) on the laser-

induced plasma. The lens was placed on a x,y,z translation

stage for precise alignment of the orthogonal 1040 nm

Figure 1. Schematic of the experimental setup for fs-LIBS ima-

ging with single-pulse (520 nm) and orthogonal double-pulse

(520 nmþ 1040 nm) excitation.
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enhancement pulse on the plasma induced by the 520 nm

ablation pulse. For alignment along the sample surface

(x-, y-directions), the LIP was used as a position marker.

For alignment perpendicular to the sample surface (z-

direction), the ablation pulses were dumped, and LIBS spec-

tra induced by only the 1040 nm beam were measured in

real-time. At the optimal distance z0 between orthogonal

beam and sample surface, the enhancement pulses did not

ablate the sample, plasma was not observed, and the LIBS

spectra did not show any spectral feature. The calculated

focal spot diameter of the enhancement beam and the

estimated diameter of the fs-LIP at the interpulse delay

time of 1 ns were the same (50 mm). The size of LIP as

measured by time-integrated optical photography was

around 100–400 mm depending on laser pulse energy.

The interpulse delay time for the 520 nm and 1040 nm

pulses was set to ��¼ 1 ns due to geometrical restric-

tions of the setup and the NIR pulses were used for

plasma reheating. This delay time has been observed to

be optimal for two fs laser pulses in collinear geometry.47

In our knowledge, there is only one publication on

orthogonal fs-DP-LIBS and an optimal interpulse delay

of ��¼ 0 s was reported.48 However, the energies of

both beams were in the mJ range and much higher than

in our experiments. In the study reported here, measure-

ments were performed in ambient air with or without

Argon gas flow applied to the sample. A gas pipeline

having a thin nozzle (Ø¼ 2mm) with a squeezed end

was placed close (2 mm) to the plasma plume.

The optical emission from the plasma plume was col-

lected in the backward direction via the Schwarzschild

objective. The emitted light was focused by a pierced off-

axis parabolic mirror (Edmund Optics, f/3) into an optical

fiber (Ocean Optics, QP 450-2-XSR, f/2.27, core diameter

450 mm). The fiber directed the light to an Echelle type

spectrograph (Multichannel Instruments Mechelle 7500, f/

5.8, range 200–750 nm, spectral resolution 7500). An inten-

sified charge-coupled device (ICCD) detector was attached

to the spectrograph and employed for the time-resolved

acquisition of the plasma spectral emission and for gain

function (Andor iStar DH 734).

For the measurement of LIBS spectra, we averaged over

several laser shots to improve signal-to-noise (S/N) of rec-

orded emission line intensities. For the chemical imaging

experiments, only one shot (single-pulse or double-pulse)

was applied at each sample location. The sample was placed

on a motorized x,y stage and the LIBS measurements were

synchronized with the sample translation. The center-

to-center distance between adjacent laser-irradiated spots

was defined as step size and it was controlled by a LabView

program. The diffraction images (echellograms) were

binned on the ICCD camera. The binning of n� n pixels

to 1 superpixel (8� 8 pixels in our experiments) is equiva-

lent to spectral integration over the selected emission line.

This increases the signal and the S/N as compared to the

signals of single pixels. Furthermore, binning allows for

faster image acquisition as the number of readouts is

reduced by n2.49–53

Samples

Metallic copper (Cu) thin films, Cu microdot arrays, and

microstructured Cu bulk materials were used as samples

for the fs-LIBS measurements. The Cu thin layers were

thermally evaporated onto glass substrates (70wt% silicon

dioxide, 15wt% sodium oxide, 5wt% calcium oxide, and

others) and had a thickness of h¼ 5 nm and 500–520 nm.

The Cu microdot arrays were prepared on silicon wafers

via imprint lithography. The size of square-shaped micro-

dots was 10 mm and the thickness of the microdots was

300 nm. The mass of one Cu microdot was 270 pg. The

dots were arranged in a square-like pattern with 30 mm
spacing between individual dots. The microstructured Cu

bulk samples were the so-called Athene grids (Plano,

Germany) that are used in transmission electron micros-

copy to support thin sections of specimen. The grid sam-

ples were 15 mm thick Cu foils containing holes (approx.

100mm� 100 mm) that were arranged in a square pattern.

The distance between adjacent holes is 60 mm. For the LIBS

measurements, the grids were placed on supporting glass

substrates providing good chemical contrast.

Results

Optimization of Gas Environment and Integration
Time

Previous studies have extensively shown that the spectral

intensity of emission lines is increased when LIBS measure-

ments are performed under argon atmosphere instead of

ambient air.54–57 A heavy noble gas such as argon influences

plasma emission by confinement and thermal conductivity.58

Confinement leads to higher collision rates and lower ther-

mal conductivity extends plasma lifetime. The increase of

signal intensities is a crucial aspect in our LIBS experiments

since it enables to measure at lower laser pulse energy and,

therefore, to reduce the amount of ablated mass and to

increase the spatial resolution of the technique. In order to

obtain the strongest spectral emission signal, the position of

the gas pipeline nozzle was adjusted while observing the

signal intensities of recorded emission lines. In a first

experiment, we then optimized the Ar gas flow by varying

the Ar gas pressure p(Ar) in the pipeline while measuring

the Cu(I) line intensities for a bulk Cu sample by single-

pulse fs-LIBS. The pressure p(Ar) was measured with a

manometer (0–6 bar, Linde C200) in the pipeline. For a

comparison of intensities measured with (IAr) and without

(IAir) Ar flow, the enhancement ratio IAr/IAir is introduced.

The variation of this enhancement with Ar flow is shown in

Fig. 2a. At low Ar gas pressure, the Cu(I) line intensities
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rapidly increased with a maximum enhancement close to

40� at 0.25 bar pressure. At higher pressure, the enhance-

ment gradually decreased and leveled off (five to ten times).

This behavior could be due to a decrease of plasma tem-

perature and a deformation of the shape of plasma under an

intense Ar gas flow. This would have a negative effect on

recorded spectra by decreasing the signal intensity.

Furthermore, the effect of laser pulse energy EL on the

line intensities and the enhancement ratio was examined.

The line intensities IAr and IAir decreased for lower EL. This

decrease was more pronounced for measurements in air

than in Argon. Therefore, the enhancement ratio IAr/IAir
was highest at low EL and it decreased at higher pulse

energy (Fig. 2b).59,60 Fs-LIBS spectra of a Cu sample rec-

orded at low laser energy in Ar flow (p¼ 0.25 bar) and in

air are shown in Fig. 3. The Cu(I) lines were measured with

high signal-to-background ratio (SBR) in Ar flow for laser

energy EL¼ 2.5 mJ (Fig. 3a). In air the line intensities were

much weaker and close to the background. For even lower

laser pulse energies, the line intensities were measured

with good SBR with the Ar flow, whereas spectra measured

in air did not show any Cu lines (EL¼ 0.7mJ, Fig. 3b). For

this case, the determination of an enhancement factor is

not accurate.

In order to maximize the measured signal intensities,

time-resolved plasma spectroscopy measurements (integra-

tion time tg¼ 25 ns) were performed to determine the

optimal delay time td for detection. LIBS spectra of a Cu

slab sample were measured in Ar flow (p¼ 0.25 bar) and

the time evolution of Cu(I) line intensities was determined

(Figure S1, Supplemental Material). Before the arrival of the

fs-laser pulse (td¼ –25 ns) no signal is detected. At time

delay td¼ 0 ns, the spectrum is dominated by strong con-

tinuum emission due to the free electron recombination,

bremsstrahlung radiation, and broadened lines mainly due

to collisions between free electrons and atoms and the

Stark effect.61,62 The continuous spectral background rap-

idly decreases in fs-LIBS and for delay times td� 35 ns, the

background was negligible and emission lines with good

analytical quality were measured (SBR> 8).63 An integra-

tion time of tg¼ 1 ms and a delay time of td¼ 35 ns were

chosen to cover the complete time of plasma emission and

collect spectra with maximum efficiency.

For LIBS measurements with high spatial resolution the

ablation crater should be as small as possible. The crater

Figure 2. Enhancement ratio IAr/IAir of Cu(I) line intensities

measured with Ar gas flow and in air by single pulse fs-LIBS.

Enhancement ratio as a function of (a) the pressure of Ar flow

p(Ar) and (b) the laser pulse energy EL. Line intensities averaged

over 5000 pulses.

Figure 3. Comparison of fs-LIBS spectra of Cu sample recorded

with Ar flow (p¼ 0.25 bar) and in air for laser energy of (a) 2.5 mJ
and (b) 0.7 mJ.
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size can be minimized by tight focusing of the fs-laser beam

and by reducing the pulse energy. In a further experiment,

we measured the dependence of the recorded signal inten-

sity on the laser pulse energy to determine the minimum

energy required for spectrochemical detection. A 5 nm

thick Cu film on glass was ablated applying one single-

pulse per position on the sample. The measurements

were recorded in Ar flow. The emission intensity of the

Cu(I) 510.5 nm line as a function of EL is shown in Fig. 4a.

A decrease in signal intensity was observed when the

laser pulse energy was reduced. This was due to a smaller

amount of ablated mass and a weaker plasma emission at

lower EL. At the lowest energy, the spectra still revealed

clear Cu(I) lines (SBR> 8; Fig. 4b) and the ablated mass of

Cu was 100 fg (EL¼ 2mJ, crater diameter 1.5). This limit of

detection (LOD) value for the detected mass was confirmed

by another fs-LIBS measurement of a 5 nm thick silver film on

glass substrate. The recorded spectra showed an intense

Ag(I) line at 546.55 nm (SBR> 10) and the ablated mass of

Ag per pulse was 370 fg (measured under non-optimized

conditions). The obtained LOD values were lower than ear-

lier reports on single-pulse fs-LIBS of Cu bulk samples by

Zorba et al. (1.4 pg).19 A much lower absolute mass of the

sample (attogram range) can be detected performing LIBS

measurements on individual nanoparticles that are sus-

pended in an optical trap.64 Figure 5 shows the diameter

of fs-ablation craters on 500 nm thick Cu layers as a function

of the laser energy. One single-pulse per position was

applied. The craters were measured by optical microscopy

(magnification 1000� ) and their diameter was found to be

dcr¼ 1.5mm at energy EL¼ 3mJ, quite similar to results with

Cr thin films and Cu foils (thickness: 0.5mm).19,20

The weak line intensities measured at low EL are limiting

the achievable spatial resolution in single-pulse fs-LIBS.

The ablation of metals with pulses of EL< 10mJ produced
craters with diameter dcr< 5mm and induced plasma of suf-

ficient luminosity to detect the major element lines. The

fs-LIBS imaging with a spatial resolution �x of few mm was

feasible applying only one laser shot per sample position.

Chemical Imaging with Femtosecond-Single-Pulse-
Laser-Induced Breakdown Spectroscopy

For the first set of chemical imaging experiments the Cu–Si

sample with Cu microdot arrays was investigated by

single-pulse LIBS. An area of 300 mm� 300 mm was raster-

scanned with a step size of 5 mm, one LIBS spectrum was

measured at each scan position, and spectrochemical

images were digitally reconstructed (Fig. 6a). For the chem-

ical map of this sample, the measured intensity of the Cu(I)

emission line at 510.5 nm was plotted as a function of pos-

ition on the sample. The image reconstruction results in a

convolution of the shape of the Cu microdots (size

10 mm� 10 mm) and the scan pattern (step size

sx¼ sy¼ 5 mm). For optimal spatial alignment of the scan

pattern with respect to the microdot positions, a Cu

signal is detected at only four scan positions. In this case,

the feature size in the chemical image is 2sx� 2sy and it

Figure 4. (a) Cu(I) emission line intensity of a 5 nm thick Cu

layer on glass measured as a function of laser pulse energy EL,

average over 50 single-pulses; measured with Ar flow

(p¼ 0.25 bar). (b) Fs-LIBS spectrum for EL¼ 2mJ.
Figure 5. Diameter of fs-ablation crater on 500 nm thick Cu

layer as a function of single-pulse laser energy (with Ar flow).
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matches the true size of the microdot. In worst case (i.e.,

for bad spatial alignment), the Cu is detected at nine scan

positions and the apparent feature size would be much

larger (3sx� 3sy). In our experiments, the scan pattern

was not aligned to features of the sample and the measured

size of microdots was 13.7� 2.3mm. A closer agreement to

the true feature size can be achieved by reducing the step

size of the LIBS scan. The digital reconstruction of the total

measured area very well resembled the structure of the Cu

microdot array (Fig. 6a). The sample preparation did not

work perfectly, and some Cu dots were removed from the

Si wafer in the lift-off process of the polymer layer. The

optical microscopy image shows a section of the sample

where some of the Cu microdots were missing (Fig. 6b).

Also, in the fs-LIBS image the Cu microdots were missing.

Similar chemical images were obtained for various Cu

microdot samples having different sizes and thicknesses of

dots and distance between dots.

In the next set of fs-LIBS imaging experiments, we mea-

sured the Athene grid sample that was supported by a glass

slide. The spectrochemical images reconstructed at Cu(I)

510.5 nm for the copper grid and at Na(I) 589.0 nm for the

glass substrate are shown in Figs. 6c and 6d. This sample

provided very strong chemical contrast and Cu was

detected only when the grid material was ablated

(Fig. 6c), while Na was measured only on the bare glass

surface (Fig. 6d). The measured Na(I) line intensity was

higher than the Cu(I) intensity. This enabled measuring at

lower energy and with smaller ablation craters on the glass

(EL¼ 6 mJ, dcr¼ 2 mm, Fig. 6d) compared to the Athene grid

(EL¼ 8 mJ, dcr¼ 3 mm, Fig. 6c).

Intensity Enhancement in Orthogonal Femtosecond-
Double-Pulse-Laser-Induced Breakdown Spectroscopy

The main challenge in high-resolution LIBS imaging is to

record spectra with sufficiently intense emission lines for

minimal ablated sample mass. With tightly focused fs-pulses

the crater diameter and the sampled mass can be reduced

compared to ns-laser pulses. However, the optical emission

of fs-LIP is weak and techniques to increase the emission

are required. The reheating of plasma by fs-double-pulse

excitation with collinear and oblique beam geometry has

been demonstrated to increase the signal intensities and

the analytical performance of fs-LIBS technique. The

orthogonal beam geometry in fs-DP-LIBS is of interest as

only one laser pulse ablates the sample, while the other

pulse interacts with the plasma. The fs-LIBS spectra of Cu

thin films on glass substrate were measured in SP and

orthogonal DP configuration and line intensities were

Figure 6. Spectrochemical images measured by fs-SP-LIBS (digital reconstructions). (a) Copper microdot array on Si wafer imaged at

the 510.5 nm Cu(I) line. Measurement area 300mm� 300 mm, step size 5 mm. (b) Optical microscopy image of the Cu/Si sample. (c)

Athene copper grid on glass imaged at the 510.5 nm Cu(I) line. (d) Image of the glass measured at the 589.0 nm Na(I) line. Measurement

area 270 mm� 270mm. Diameter of ablation craters close to 3mm (c) and 2mm (d).



932 Applied Spectroscopy 76(8)

compared (Fig. 7a). The LIBS spectra reveal a clear

enhancement of signal intensities for orthogonal DP

(520 nmþ 1040 nm) excitation compared to the SP

(520 nm) excitation. The measured intensity increase was

two times for the Na and three times for the Ca lines.

Irradiation with only the enhancement pulse (1040 nm)

produced no visible plasma and spectral lines were not

recorded. This was due to the alignment of the orthogonal

beam that was focused slightly above the sample surface.

The energy of the enhancement pulse was insufficient to

produce plasma in air. An enhancement factor was calcu-

lated by dividing the line intensities measured in DP (IDP)

and SP (ISP) modes. The IDP consistently exceeded the inde-

pendently measured ISP confirming enhanced plasma

emission in orthogonal fs-DP-LIBS. The intensity ratio IDP/

ISP depended on the experimental conditions, e.g., the inter-

pulse delay time and the spatial overlap of laser beam and

plasma. In earlier fs-DP-LIBS experiments using oblique

incidence of the second pulse, we also observed an inten-

sity enhancement.42 However, the second pulse was inter-

acting with the sample and the intensity enhancement was

due to an increased number of atoms in plasma (larger

crater volume) and a higher plasma temperature. In the

present study, the orthogonal beam arrangement did not

increase the crater sizes and the enhancement was prob-

ably due to the reheating of the LIP.

In order to determine the stability of our fs-DP-LIBS

setup, we raster-scanned bare glass slides and measured

spectra by applying either one DP or one SP per scan pos-

ition. The time for one complete x, y scan was 1 h. The

measured Na(I) intensity at 589.0 nm was enhanced by a

factor of two for the orthogonal DP excitation in compari-

son to the SP mode. The obtained chemical images did not

show any systematic spatial variation of intensity indicating

that the DP enhancement was stable while the sample was

scanned with respect to the two laser beams. Optical

microscopy images of the ablation craters on the glass

slides are shown in Fig. 7b. The craters obtained by SP

and orthogonal DP ablation appeared very similar and

had the same size. The interaction of the orthogonal

pulses with the LIP enhanced the signal intensities but did

not enlarge the craters. In collinear DP-LIBS, an increase of

crater sizes is usually observed which is a drawback for

imaging applications.65

Orthogonal Femtosecond Double-Pulse Laser-Induced
Breakdown Spectroscopy Imaging

The orthogonal fs-DP-LIBS setup was applied for imaging of a

micropatterned sample and the images obtained in DP and

SP modes were compared. The sample was a Cu thin film

(thickness 520 nm) on glass substrate. A linear microstripe

was patterned into the metal layer by removing the Cu from

the glass. The stripe width varied; the average width was

approx. 60mm. The energy of the ablating laser pulse was

4mJ and the orthogonal reheating pulse had 52mJ energy.
The maximum pulse energy of the orthogonal laser beam

was applied to achieve maximum enhancement of emission

line intensities. LIBS images of the metal layer measured at

the 510.5 nm Cu(I) line and of the glass at the 589.0 nm Na(I)

line revealed the sample pattern and the images had inverted

contrast corresponding to the sample geometry (Fig. 8). In

general, the Na(I) emission was more intense than the Cu(I)

emission. In the fs-DP measurements, the Cu(I) and Na(I)

line intensities were higher (two times) than in the SP mode

and the DP-LIBS images provided improved contrast as com-

pared to the SP images.

Electron microscopy images of this sample confirmed

that the SP and orthogonal DP ablation craters had the

Figure 7. (a) Fs-LIBS spectra of glass measured by single-pulse

(520 nm), enhancement pulse (1040 nm), and double-pulse

(520 nmþ 1040 nm) excitation. Spectra are averaged over 5000

shots. Spectra displayed with offset for clarity. (b) Optical micro-

graphs of fs-laser ablation craters on glass. Ablation by one single-

pulse (SP, 520 nm) and one double-pulse (DP, 520 nmþ 1040 nm)

per sample position. Step size 10 mm.
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same size. On the glass substrate the craters had a diam-

eter of dcr& 1.5 mm and they were very similar in shape.

On the metal layer the craters had a diameter of dcr& 2 mm
on average. The standard deviation of crater size and shape

from spot to spot was larger on the Cu film compared to

the glass. The relative standard deviation (RSD) of the Cu(I)

line intensity was 40% larger in comparison to the RSD of

the Na(I) line intensity. In the DP experiments, the rec-

orded line intensities were more stable, and the RSD was

20% smaller for both lines as compared to the SP experi-

ments. The larger variation of craters and line intensities on

the Cu film may put limitations when metal thin films or

layered samples are to be imaged with high spatial reso-

lution and averaging of fs-LIBS spectra over several pulses

per sample position cannot be employed. Further investi-

gations on different materials are ongoing to resolve this

point.

Conclusion

High spatial resolution and high analyte signals are conflict-

ing aims in laser-ablation-based chemical imaging. In fs-LIBS,

the size of ablation craters and the amount of sampled mass

can be minimized and imaging with high resolution can be

performed. In this scenario, however, the measured signal

intensities are weak and techniques to enhance the signals

are required to improve the analytical sensitivity of the

method. The optimization of our fs-LIBS setup and of the

experimental parameters enabled to record LIBS spectra of

5 nm thin metal films by single-pulse ablation. The absolute

mass-LOD was 100 fg for Cu and 370 fg for Ag thin films.

The ablation craters had diameters dcr� 1.5mm and micro-

structured samples were chemically imaged with corres-

pondingly high spatial resolution. In order to enhance the

faint LIBS signals, we developed an orthogonal fs-DP setup.

The fs-DP-LIBS signals were increased (two to three times)

and the contrast in chemical images was improved. The

crater sizes remained unchanged compared to single-

pulse measurements, as the orthogonal second pulse did

not ablate the sample. Based on these results, we consider

orthogonal fs-DP-LIBS a promising approach for chemical

imaging with high spatial resolution and high sensitivity.

Super-resolution chemical imaging may become possible

by combining nanoscale sampling and emission enhance-

ment using a tightly focused low-energy pulse for ablation

and an orthogonal high-energy pulse for plasma reheating.
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