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Abstract 

Extending spatial resolution in laser-based chemical analysis to the nanoscale 

becomes increasingly important as nanoscience and nanotechnology develop. 

Implementation of femtosecond laser pulses arises as a basic strategy for 

increasing resolution since it is associated with spatially localized material 

damage. In this work we study femtosecond laser far- and near-field processing of 

silicon (Si) at two distinct wavelengths (400 and 800 nm), for nanoscale chemical 

analysis. By tightly focusing femtosecond laser beams in the far-field we were 

able to produce sub-micrometer craters. In order to further reduce the crater size, 

similar experiments were performed in the near-field through sub-wavelength 

apertures, resulting to the formation of sub-30 nm craters. Laser Induced 

Breakdown Spectroscopy (LIBS) was used for chemical analysis with a goal to 

identify the minimum crater size from which spectral emission could be 

measured. Emission from sub-micrometer craters (full-with-at-half-maximum) 

was possible, which are among the smallest ever reported for femtosecond LIBS. 
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Introduction 

Lasers are indispensable analytical tools for in situ chemical analysis. [1-4] 

During the past few years, Laser Induced Breakdown Spectroscopy (LIBS) has 

emerged as a promising analytical technique which is based on the spectral 

emission from a plasma produced when an intense laser pulse is focused onto a 

sample surface. Among its advantages is that it can be used for direct and rapid 

chemical analysis over a wide range of materials and environments including 

ambient air [5], with little or no sample preparation. One of the main objectives of 

this technology is to minimize structural damage not only in depth sampling but to 

also be able to control the lateral crater sizes, which defines the spatial resolution. 

In most cases, LIBS measurements are from tens to hundreds of micrometers 

ablation craters, due to difficulty in forming micron order craters as well as 

measuring emission from a limited quantity of ablated mass. 

Femtosecond (fs) lasers have proven to be effective tools in high precision 

laser-materials processing. Ultrafast lasers offer a number of advantages in 

materials processing such as high energy flux and limited thermal effects leading 

to locally confined structural modifications [6]. As a result, their implementation 

in LIBS has attracted recent interest for reducing material damage. Improving the 

resolution in fs LIBS is based on tight focusing of pulsed laser irradiation with 

high numerical aperture objectives. Additionally, features smaller than the 

focused beam spotsize can be obtained by adjusting the laser energy threshold for 

inducing material modification, by taking advantage of the Gaussian pulse spatial 

distribution [7]. Femtosecond LIBS measurements have been reported from 
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craters of ~3 jam in diameter in biological samples [8]. Recent results have 

demonstrated the possibility of measuring LIBS emission from sub-micron craters 

in thin Cr films [9]. 

Another strategy for minimizing the laser modified zone to the nanoscale 

is through non-conventional optical lithography structuring schemes which take 

advantage of near-field effects [10-12]. In far-field laser processing the lateral 

resolution that can be achieved is restricted by the diffraction limit. For typical 

laser wavelengths the resolution achieved is on the order of a few hundred 

nanometers to several microns. However, when a sample is placed in the near-

field of a nanoscale illumination source, the irradiation is physically confined to 

its immediate vicinity through exploitation of evanescent or non propagating 

fields. This principle has been implemented in developing apertured near-field 

scanning optical lithography. In this configuration, laser irradiation incident onto 

the input of a fiber is guided to its tapered end. This end has an opening (aperture) 

which typically ranges from a few tens to a few hundred nanometers. Since the 

size of the focused laser beam is only limited by the size of the aperture in the 

near-field, one of the main directions in reducing the laser affected sample area is 

the use of sub-wavelength apertures. The use of apertures in conjunction with fs 

laser pulses can offer superior spatial resolution in laser structuring. One of the 

main concerns of this technology however is whether enough laser energy for 

ablation is delivered to the sample through sub-wavelength apertures because of 

their small transmission efficiency [13]. The majority of studies using sub-

wavelength near-field apertures has been on polymers [14,15] which in principal 

have low ablation thresholds. For chemical analysis however, it is important to not 

only induce structural modification in a wide range of sample materials [16], but 

also to ablate enough material for analysis by a suitable detection methods. So far 
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the only reports on near-field LIBS were with ns laser induced plasmas [17,18] 

where emission could be successfully detected from ~2 urn diameter craters. 

In this work, we studied fs laser ablation of Si at 400 and 800 nm for 

nanoscale chemical analysis. We compared far- and near-field laser processing 

and identified minimum lateral and axial crater size limitations for chemical 

analysis with LIBS. 

Experimental 

A Ti:Sapphire laser (Mai-Tai oscillator coupled to a TSA-25 amplifier, Spectra 

Physics) was used as the irradiation source, delivering 100 fs pulses at a repetition 

rate of 10 Hz or 1Hz. Both the fundamental (800 nm) and frequency doubled (400 

nm) laser wavelengths were used for structuring of single crystalline, intrinsic Si 

(100) wafers. All measurements were carried out in ambient air at atmospheric 

pressure and room temperature. Following laser structuring, the samples were 

scanned by a Nanoscope III Atomic Force Microscope (AFM) system in tapping 

mode to obtain the surface topographical image. Statistical analysis and line 

profiles of the surface features were obtained by using the WSXM software [19]. 

Far-field experiments 

For the far-field measurements, laser irradiation was focused on the Si surface by 

a microscope objective lens (Edmund Optics 20x, 0.60 Numerical Aperture). The 

light from the induced plasma was collected by a single fiber bundle in close 

proximity (a few mm) to the irradiated sample surface. The optical fiber was 

directly connected with the slit entrance of a spectrometer/ICCD camera system 

(Princeton Instruments). The spectrometer was equipped with a 600 groove/mm 

grating. The focal length of the spectrometer was 150 mm and the spectral 
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resolution was 0.5 nm. The gate of the ICCD camera was triggered by the laser 

and the relative delay was controlled by the camera. The minimum gate width was 

2 ns. 

A fresh sample spot was provided by translating an XY motorized stage 

before each single laser pulse; all data in this study were obtained from single 

laser pulses (ablation events). Single pulse LIBS experiments were carried out by 

measuring the spectral emission using a 50 ns integration time with a delay time 

of 80 and 60 ns for the 400 and 800 nm laser irradiation, respectively. The LIBS 

emission was measured from the side of the plasma. Each measurement was made 

on a fresh sample surface, and the average of 10 measurements was calculated. 

Neutral density filters were used to control the laser pulse energy which was 

measured by an energy meter (Coherent, J3S-10). 

Near-field experiments 

The laser beam (400 or 800 nm) was coupled to an Near-field Scanning Optical 

Microscope (NSOM) fiber probe (Veeco) using a 10 x (NA=0.25) microscope 

objective lens. The Al-coated tapered end of the NSOM fiber had an aperture of 

100-150 nm and was mounted on the head of the NSOM system (Aurora III). The 

laser energy transmission efficiency through the sub-wavelength aperture system 

was measured to be 10"5. Control over the tip-sample distance was achieved via 

tuning fork shear force feedback, and was kept at 8-10 nm [20]. 

Results and Discussion 

Far-field processing of Si 

Figure 1 (a) shows the far-field LIBS emission from a Si sample in the 195-325 

nm spectral range as a function of laser energy generated by using a single 400 
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nm, 100-fs laser pulse irradiation. Strong atomic emission lines of Si in the UV 

region are visible; a group of lines around ~252 nm (250.6, 251.4, 251.6, 251.9, 

252.4 and 252.8 nm) and the characteristic 288.1 nm line. The AFM surface maps 

of the ablated Si surfaces are shown in Figure 1 (b) together with the 

corresponding lateral profile as a function of laser energy (Figure 1 (c)). The 

crater size defined as the full-width-at-half-maximum (FWHM) of the feature 

beneath the original surface can be as low as 1.13 jam for the highest energy used 

and less than 700 nm for the lowest energy utilized. This value is among the 

smallest ever reported for fs LIBS [8,9]. Smaller craters were measured for lower 

laser energies; however no LIBS emission could be detected under these 

conditions. Indications of peripheral melting/redeposition phenomena are clearly 

visible through the surface profile plots which show features protruding well 

above the initial surface in the crater periphery. Even though the height of the 

surrounding protrusions increases with laser energy, the depth of the craters 

remains fairly stable around 100 nm independently of the laser energy used. 

The LIBS spectra obtained from single-pulse irradiation of Si using the 

800 nm, lOOfs laser pulses, are shown in Figure 2 (a). The corresponding AFM 

images and crater profiles are shown in Figures 2 (b) and (c) respectively. For the 

lowest laser energy used, the minimum structure size from which LIBS emission 

could be measured was ~ 1 um (FWHM). The lateral dimensions increase 

significantly with laser energy up to 2.3 jam in this energy range. The craters 

formed at this wavelength are deeper compared to the 400 nm laser irradiation, 

with their depth remaining over -180 nm, even for the lower energies used. 

Similar to the 400 nm laser case, redeposited material is present around the crater; 

in this case however it does not protrude as much above the initial surface of the 

sample material. 
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LIBS spectra were successfully measured from sub-um or um-sized 

craters, indicating that both wavelengths can be used for spatially confined lateral 

and axial surface damage. Laser irradiation at 400 nm apart from leading to the 

formation of smaller craters, also results to higher LIBS signal intensities 

compared to the 800 nm irradiation, for similar energies (Figures 1(a) and 1(b)). 

The emission intensity Ipq of a transition from a higher level p to lower level q is 

expressed as [24]: 

" SP ' 
_Z(T) 'API' 

h-c 

,XP1; 

where / is the path length of the source, Apq is the transition probability for 

spontaneous emission, h is the Planck's constant, c is the velocity of light, kpq is 

the wavelength of the emission line, n is the total concentration of neutral atom or 

ion, gp is the statistical weight of the level/?, Z(T) is the partition function of atom 

or ion, Ep is the excitation energy of level p, and k is the Planck's constant. The 

temperature governing this energy population is defined as the excitation 

temperature T. 

With the rest of the parameters remain practically the same, the differences 

in the observed intensities for the two wavelengths used will depend on 

concentration of neutral atom or ion n and temperature T. However, temperature 

due to its exponential component is expected to affect the line intensity more 

drastically. The differences in the line intensities observed in each case could thus 

be correlated to the different temperatures of the formed plasmas, suggesting that 

higher temperatures are developed in the 400 nm laser induced plasma. 

Qualitatively, the differences in the crater depths for the two laser 

wavelengths may be associated with the optical properties of Si for linear 

absorption at the excitation wavelengths. The optical penetration depths calculated 
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through the optical constants of Si [25] for the 400 nm and 800 nm irradiation are 

164 nm and 25.5 jam respectively. Accordingly, laser irradiation is expected to 

penetrate deeper into the material bulk for the 800nm laser irradiation case, which 

is consistent with the deeper craters we observed. It is important however to keep 

in mind that for the intensities used (~1013 W/cm2) non-linear phenomena (e.g. 

two-photon absorption) are likely to take place. Additionally, a chemical reaction 

between the heated/melted Si surface and air can lead to the formation of silicon 

oxide, chemically modifying the irradiated surface [16]. This process is 

wavelength dependent and it is in principle favored for lower wavelengths [21]. 

Finally, the presence of air can affect the crater formation process for both 

wavelengths, since the strong recoil pressure exerted on the surface could affect 

redeposition and resolidification mechanisms [22]. The contribution of these 

processes to the physical structure and plasma formation mechanisms is under 

investigation. 

Near-field processing of Si 

In order to further reduce crater dimensions, we studied near-field laser 

ablation of Si through sub-wavelength apertures, using the same wavelengths 

from the fs laser. Figure 3 (a) shows an AFM surface map of a nano-feature array 

created using the 400 nm, fs laser irradiation with an NSOM probe output energy 

of 0.18 nJ. Each row represents regions on the surface processed with a fixed 

number of pulses (in the range of 5 to 500), to demonstrate reproducibility. For a 

low number of pulses (<20), craters are formed. However repetitive laser 

irradiation at this energy causes the craters (Figure 3 (c)) to transform into 

protrusions (Figure 3 (b)). As a result, craters with a FWHM of 27 nm to 

protrusions of 550 nm (Figure 3 (b)) could be produced for 1 and 500 pulses 
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respectively. Similar structure formation also was observed for slightly higher 

energies (0.22 nJ) [23]. 

When the incident energy was further increased to 0.32 nJ, the structures 

formed were always craters, independent of the number of laser pulses. Figure 4 

(a) shows the structures formed under these conditions for different number of 

laser pulses. Figure 4(b) shows the craters formed using single-pulse laser 

irradiation under the same conditions. A FWHM as low as 150 nm with a depth of 

28 nm was obtained in this case. Formation of more complex patterns (e.g. lines) 

was also possible by translating the sample with respect to the probe (Figure 

4(c)). These measurements demonstrate user control of surface features on the 

nanoscale by varying laser energy and number of pulses. 

Figure 5 (a) shows an AFM surface map of a near-field laser processed Si 

surface using the 800 nm, 100 fs laser. Unlike the 400 nm case, the structures 

formed are shallow protrusions with a height which remains fairly constant at 

about ~1 nm and FWHM lateral sizes ranging from 90 to 700 nm. These 

structures were formed using 5 to 300 laser pulses respectively. An increase in the 

laser energy or number of pulses in this case can increase the lateral dimensions 

up to ~3 um, even though their height does not exceed 4 nm after several 

thousand laser pulses (Figure 5 (c)). No structures were observed with single 

pulse irradiation even under the highest energy used at this wavelength. 

The differences described above are representative of the importance of 

laser wavelength in near-field processing. The mechanisms leading to the 

formation of these surface structures are complex and interpretation of their role 

and relative contribution is not an easy task. Qualitatively, in the 400 nm case a 

more ablative process may be operative as material appears to be removed from 

the surface (formation of craters). This material may be subsequently redeposited 
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on the sample surface, leading to the formation of protrusions. On the other hand, 

the behavior exhibited for the structures formed using the 800 nm laser irradiation 

is more consistent with a surface "melting" mechanism. Again, the differences in 

the optical penetration depth (single-photon absorption) of Si for the 800 nm 

irradiation [25] compared to the 400 nm, combined with the differences in the 

laser energy, suggest that the deposited energy per volume of material will differ 

significantly [23]. Another factor that should be taken into consideration, as in the 

far-field laser ablation case, is the influence of the background atmosphere 

(ambient air) on the formation of these structures, which may affect the formation 

mechanism and lead to laser induced oxidation of the Si surface. As mentioned 

previously, this process is favored for lower laser wavelengths [21]. 

LIBS measurements through the sub-wavelength apertures for the 400 nm 

laser irradiation were unsuccessful. One of the main problems apart from the 

limited amount of ablated and ionized material was that the optical configuration 

of the NSOM did not allow for UV emission to be detected, which is the 

wavelength range where the strong LIBS lines are located. The formation of 

craters at this wavelength however demonstrates that there is mass removal. On 

the other hand, it is not clear how easy it would be to get LIBS measurement 

using the 800 nm laser since no signs of material ejection were observed with this 

particular configuration for the range of laser energies tested. 

Conclusions 

We demonstrated fs laser ablation of Si using far- and near-field, and studied the 

effects of laser wavelength (400 and 800 nm) on surface modifications induced in 

each ablation scheme. LIBS was an approach to monitor for nanoscale chemical 

analysis, aiming to identify the minimum crater size from which spectral emission 
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could be measured. Detection of LIBS signal was possible in the far field with 

sub-micrometer resolution, however measurements in the near field under the 

given experimental conditions were unsuccessful. Detection of LIBS spectral 

emission in the near field could be possible through improvement of the ablation 

system and detection scheme. Implementation of larger near-field apertures, as 

well as proper tuning of the laser parameters (wavelength, pulse duration, energy 

and number of laser pulses) could lead to the maximization of the ablated mass of 

a given material, making the detection of LIBS signal easier. Furthermore, 

optimization of the LIBS spectral emission collection system (collection of light 

from the induced plasma through high numerical aperture objectives and use of 

high sensitivity ICCD/spectrograph detector modules) could improve significantly 

the resolution in LIBS spectral analysis. 

Even though there are challenges associated with performing nanoscale 

chemical analysis in far- and near-field laser processing schemes, in terms of the 

lateral and axial resolution that can be achieved while maintaining the LIBS 

spectral emission detection, this is a growing field. The versatility of LIBS as well 

as minimal sample preparation combined with the ability to operate at ambient air 

gives the possibility of using this technology for minimal sample damage in 

different classes of materials. The practical application of interest range from the 

area of forensics and cultural heritage applications to energy, bio cells and 

pharmaceutical applications. Finally, the plasmas produced through nanoscale 

laser ablation.can also be used for spatially resolved quantitative analysis based on 

mass spectroscopic methods (e.g. laser ablation inductively coupled plasma mass 

spectrometry and secondary ion mass spectrometry). 
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Fig. 1 a LIBS spectral emission generated by a single 400 nm, fs laser pulse, for 

different pulse energies (4.2-15.2 nJ). b AFM surface maps of the corresponding 

craters and c their surface profiles 
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Fig. 2 a LIBS spectral emission generated by a single 800 nm, fs laser pulse, for 

different pulse energies (5.9-15 nJ). b AFM surface maps of the corresponding 

craters and c their surface profiles 
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Fig. 3 a AFM surface map of a near-field laser processed Si surface using the 400 

nm, 100 fs laser source. Here, each row represents regions processed with a fixed 

number of pulses in the range often to 500, at laser energy of 0.18 nJ. The craters 

formed with 1, 3, and 5 pulses are also shown. Surface line profiles for b 500 

pulses and c 10 pulses 
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Fig. 4 a AFM surface map of a near-field laser processed Si surface using the 400 

nm, 100 fs laser source. Here, each row represents regions processed with a fixed 

number of pulses in the range of five to 500, at laser energy of 0.32 nJ. b AFM 

image of a crater formed with single pulse irradiation at the same energy, c Lines 

formed under these conditions by scanning the sample with respect to the laser 

beam 
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Fig. 5 a AFM surface map of a near-field laser processed Si surface using the 800 

nm, 100 fs laser source. Here, each row represents regions processed with a fixed 

number of pulses in the range of five to 300, at laser energy of 1.90 nJ. b Higher 

resolution AFM image of the protrusions formed with five pulses under the same 

energy, c Shallow protrusion formed under 10,000 pulses at 1.27 nJ 
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