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Abstract: We present experimental results for the plasmonic laser ablation 
of silicon with nanoscale features as small as 22 x 66 nm using single near-
infrared, femtosecond laser pulses incident on gold nanorods. Near the 
ablation threshold, these features are photo-imprints of gold nanorod 
particles positioned on the surface of the silicon and have feature sizes 
similar to the nanorods. The single rod-shaped ablation pattern matches the 
enhancement patterns of the Poynting vector magnitude on the surface of 
silicon, implying that the ablation is a result of the plasmonic enhancement 
of the incident electromagnetic waves in the near-field of the particles. 
Interestingly, the ablation pattern is different from the two separated holes 
at the ends of the nanorod, as would be expected from the electric field – 
|E|2 enhancement pattern. We measured the plasmonic ablation threshold 
fluence to be almost two orders of magnitude less than the femtosecond 
laser ablation threshold of silica, present in the thin native oxide layer on 
the surface of silicon. This value also agrees with the enhancement of the 
Poynting vector of a nanorod on silicon as calculated with electromagnetic 
simulations. We thus conclude that plasmonic ablation with plasmonic 
nanoparticles depends directly on the polarization and the value of the near-
field enhancement of the Poynting vector and not the square of the electric 
field as previously suggested. 
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1. Introduction 

As conventional lithography reaches its limits, there is an urgent need for alternative 
approaches to create features on the nanometer scale. New laser-based techniques have 
proven their ability to work on the nanometer scale beyond the diffraction limit using 
interference and nonlinear optical techniques such as interference lithography, scanning near-
field optical microscopy, and two-photon polymerization [1–3]. 

Ablation with ultrafast lasers with pulse durations below 10 ps offers strong advantages 
for nanofabrication. Focused ultrafast laser pulses can have high enough intensities to 
generate „seed‟ free electrons through multiphoton ionization, resulting in the ability to ablate 
any material, including high-bandgap transparent dielectrics. Since the pulse length for 
ultrafast lasers is much shorter than the electron-phonon thermalization time scale, the 
ablation process is more efficient and requires very small pulse energies to initiate ablation. 
These unique features of ultrafast laser ablation provide the ability to fabricate more precise 
features on surfaces with a reduced heat-affected zone surrounding the ablated region. 
Researchers have created features as small as 40 nm with direct ultrafast laser ablation by 
using Gaussian beams and intensities just slightly over the ablation threshold [4]. However, 
direct laser ablation is limited by the pulse-to-pulse laser stability and the limitation of having 
just a single tightly focused beam that creates patterns serially. To overcome this limitation, 
many groups have used near-field patterning using a self-assembled monolayer of 
nanospheres. Dielectric spheres are assembled on a surface and subjected to large-beam 
ultrafast laser exposure to create arrays of localized ablation sites, as demonstrated in some 
recent interesting studies [5,6]. In these studies, the dielectric spheres act as focusing 
elements, leading to surface ablation underneath the spheres. This process becomes less 
efficient as the dielectric spheres decrease in size, and limited enhancement in the focal region 
reduces the usefulness of this technique for the creation of ultrasmall features. Several recent 
studies by our group and others have shown the use of plasmonic enhancement of spherical 
gold nanoparticles with ultrafast lasers to create sub-diffraction limited features on glass and 
silicon surfaces [7,8]. In this method, the plasmonic focusing properties of nanoparticles 
provide localized, highly enhanced near-field intensities strong enough to lead to nanoscale 
ablation for femtosecond (fs) pulses. The near-field enhancement region and corresponding 
possible feature size scale with the size of the nanoparticle, and there are no fundamental 
physical limits to prevent even smaller features from being created with this technique. 
Plasmonic nanoparticles are of great interest because of their strong interaction with light, 
resulting in uses ranging from biological contrast agents to solar concentrators. 
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Recent studies have focused significant effort towards understanding the plasmonic 
properties of non-spherical „broken symmetry‟ nanoparticles [9–12]. Asymmetrical 
nanostructures are interesting mainly because they can provide large near-field enhancements 
and access to polarization and orientation effects not available in spherical particles. Gold 
nanorods have been used extensively in recent years for photonic and biomedical studies [13–
15]. Unlike spheres, nanorods exhibit two resonances: a transverse and larger longitudinal 
resonance at longer wavelengths, depending strongly on both the diameter and the aspect 
ratio. By changing the geometry of the rods, the central wavelength of their longitudinal 
resonances can be tuned from visible to near-infrared wavelengths. Both photonics and 
biomedical communities have proposed to use these interesting tunability properties of gold 
nanorods in recent years for applications ranging from two-photon luminescence imaging to 
optical data storage [13,15]. Few studies, however, have examined the strong electromagnetic 
near-field enhancement also present for plasmonic nanoparticles. 

The direct cause for plasmon-assisted near-field ablation is poorly understood, though the 
phenomenon has been demonstrated by several groups. Ablation can occur in the near-field of 
plasmonic nanoparticles when coupled with high-intensity ultrafast laser pulses. In this case, 
localized, sub-diffraction limited features can be created on a surface due to enhanced near-
fields around a plasmonic nanoparticle. The near-field enhancement is the ratio of the near-
field strength to the incident laser intensity. Since there is a constant relationship between the 
electric and magnetic fields for a plane wave of light, the intensity is often given as 
proportional to the square of the electric field – |E|2. Another metric of the field strength is the 
Poynting vector, which is the cross-product of the electric and magnetic fields and has the 
magnitude of the local electromagnetic energy density (|P|). Both the electric field (|E|2) 
enhancement and the Poynting vector magnitude have been identified as the dominant term 
for ablation. Several studies have evaluated the Poynting vector and electric field 
enhancement for near-field ablation in the case of colloidal monolayers of dielectric spheres 
on a substrate [16,17]. 

For example, Luk‟yanchuk et al. hypothesized that the Poynting vector travelling into the 
surface, representing energy density or flow, could be the dominant term for surface ablation 
for dielectric spheres on a surface subjected to ultrafast laser pulses [18]. On the other hand, 
Plech et al. showed ablation near the poles of gold spheres with fs laser pulses using in situ 
SAXS measurements and the authors proposed the E-field enhancement as the reason for 
ablation [19]. Other groups have also used the |E|2 enhancement as a predictor of ablation [7]. 
In a previous work, we investigated plasmonic laser nanoablation (PLN) using gold 
nanospheres on a silicon surface and found that the reduction in threshold followed the 
Poynting vector magnitude on the surface [8]. However, the maxima in the Poynting vector 
and E-field enhancement occur in the same location for all of these studies using spheres, and 
therefore the effects of the Poynting vector and E-field cannot be distinguished from each 
other as a predictor of ablation, except in the magnitude. While all of these studies provided 
useful information on PLN, the use of nanorods can provide a more complete picture. By 
taking advantage of the „broken symmetry‟ of gold nanorods, where the Poynting vector and 
E-field enhancement patterns are displaced from one another, we can determine the dominant 
term for ablation by looking at the morphology of the ablation pattern in addition to 
comparing the reduction in the ablation threshold with the near-field enhancement terms. 
Studying the plasmonic near-field enhancement of gold nanorods is also of special interest 
because of the strong resonance in the NIR, where fs-lasers are readily available (Ti:Sapphire) 
and which is in the „therapeutic window‟ of biomedical interest. 

In this study, we present the PLN of silicon with enhanced femtosecond laser pulses in the 
near-field of gold nanorods. The surface enhancement and corresponding ablation is strongly 
dependent on the beam polarization, nanorod orientation, and local environment near the 
nanoparticle. We measure nanoparticle near-field enhancements through a reduction in the 
threshold energy to create surface ablation and compare the results with our simulations. 
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2. Experimental methods 

2.1 Optics 

Single ultrafast laser pulses from a Ti:Sapphire laser (λ = 780 nm, τ = 184 fs, Spectra Physics, 
Spitfire) irradiated gold nanorods on a silicon surface. The characterized beam quality 
revealed a Gaussian spatial beam profile with Mx

2 = 1.09 and My
2 = 1.17. We focused the 

laser beam on the sample using a low numerical aperture (NA) objective (NA = 0.28, 10X, 
Mitutoyo). To characterize the spot size on the sample, we measured the diameters of craters 
ablated with single laser pulses on silicon in the absence of nanoparticles as a function of laser 
fluence. Taking advantage of the logarithmic dependence of the square of the ablation crater 
diameter with the fluence for a Gaussian beam, we estimated the spot size on the sample in 
each experiment [20]. From this data, we measured a laser beam spot size radius at the focal 
plane of 2.57 ± 0.15 µm, compared with a theoretical minimum spot radius of 2.23 µm for a 
truncated Gaussian beam using our experimental conditions [21]. We then calculated the local 
fluence (peak fluence) present at each nanoparticle by using this spot size and a Gaussian 
beam profile. 

2.2 Nanorod characterization 

We used gold nanorods (Nanopartz) for our PLN experiments. The nanorods were nominally 
25 nm in diameter with a longitudinal resonance peak at 756 nm. We characterized the 
nanorods using high-resolution SEM and scanning transmission electron microscopy (STEM) 
imaging (Hitachi S-5500). More than 200 individual particles were analyzed and the widths, 
lengths, shapes, and aspect ratios for each rod were compiled. The rods were slightly bone-
shaped, had a maximum width near the ends, and had a minimum width at the waist. The 
average ratio of rod waist to maximum width was 0.87. From this data set, we found that the 
average length was 77 ± 4 nm, with an average width of 28 ± 2 nm, and a corresponding 
average aspect ratio of 2.8 ± 0.2, using the averaged ratios of length and maximum nanorod 
diameters for each rod. The uncertainties given represent one standard deviation in the 
measured nanorods. 

2.3 Materials 

We diced silicon (100) wafers into 5 x 5 mm2 sections with a diamond cutter and 
ultrasonically cleaned them using sulfuric acid and methanol. To identify individual ablation 
sites, we fabricated microscale grids on the silicon surface using a focused fs-laser beam and 
deposited a 10 μL aliquot of colloidal nanorods solution. Samples were imaged before and 
after fs-laser irradiation using high resolution field emission scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) techniques. To minimize the effects of heating so 
that we could isolate the near-field effects for plasmonic ablation, we studied nanorods off-
resonance in an air environment. In air, the resonance wavelength of nanorods is blue-shifted 
as compared with nanorods in an aqueous medium. The absorption of isolated rods is more 
than 20 times less in air than in water at 780 nm. 

2.4 Fs laser ablation thresholds 

Table 1 presents a summary of the fs-laser ablation thresholds for silicon (100), fused silica, 
and gold films of two different thicknesses obtained in our experiments and compared with 
data tabulated from other published studies. The thin gold films were fabricated through 
thermal evaporation onto a glass substrate, using a thin intermediary chrome layer to promote 
adhesion. We estimated the thresholds for single shot ablation according to the D2 method 
[20]. In this method, the logarithmic dependence of the ablation diameter and fluence 
provided both the spot radius on the sample and threshold energy, thus a good estimate for the 
real threshold fluence. Using a minimum of 10 different pulse energies in all cases with the 
beam at normal incidence to the sample, we estimated the peak fluences at the ablation 
threshold. AFM analysis using the depth method for obtaining single shot ablation thresholds 
for silicon, presented in our previous work, yielded similar results [8]. In addition, these 

#134724 - $15.00 USD Received 8 Sep 2010; revised 30 Sep 2010; accepted 1 Oct 2010; published 8 Oct 2010
(C) 2010 OSA 11 October 2010 / Vol. 18, No. 21 / OPTICS EXPRESS  22560



  

values agree with other reported values, shown in Table 1. Our spot size and threshold 
uncertainties were determined from the linear regression analysis of all the spots measured for 
a sample. 

All measurements use ultrafast lasers with wavelengths between 775 – 800 nm and pulse 
lengths from 90 – 300 fs [8,22–29]. We use peak fluences for the ablation thresholds, given as 
two times the energy divided by the spot area, in all cases throughout the paper. 

Table 1. Single-shot ultrafast laser ablation thresholds of various materials. 

Material Thickness Ablation Threshold Source 

Silicon (100) Bulk 0.42 ± 0.06 J/cm2 This work 

Silicon (100) Bulk 0.38 ± 0.03 J/cm2 [8] 

Silicon (100) Bulk 0.4 J/cm2 [22] 

Silicon (100) Bulk 0.41 ± 0.04 J/cm2 [23] 

Fused Silica Bulk 4.58 ± 0.54 J/cm2 This work 

Fused Silica Bulk 4.2 ± 0.3 J/cm2 [24] 

Fused Silica Bulk 4.95 J/cm2 [25] 

Fused Silica† Bulk 4.14 J/cm2 [26] 

Gold Film on Glass 25 nm 0.80 ± 0.25 J/cm2 This work 

Gold Film on Glass 30 nm 1.11 ± 0.09 J/cm2 [27] 

Gold Film on Glass 300 nm ~1.3 J/cm2 [28] 

Gold Film on Glass 500 nm 1.08 ± 0.15 J/cm2 This work 

Gold Bulk 0.92 ± 0.10 J/cm2 [23] 

Gold Bulk 0.91 ± 0.10 J/cm2 [29] 

 
 †Molecular Dynamics – Calculated Threshold 

To measure the reduction in the ablation threshold, we needed to know the gold ablation 
threshold without near-field enhancement effects. For this goal, we investigated the fs –laser 
ablation threshold for gold films of a variety of thicknesses. One would expect that the 
ablation threshold for a thin film would differ from the bulk material threshold due to physical 
interactions with underlying layers in the thin film case. For example, other studies have 
observed an increase in ablation threshold with film thickness up to an effective penetration 
depth [30]. Since the effective penetration depth is expected to be smaller than 100 nm for 
near-infrared light, the 500 nm thick film is expected to have similar ablation characteristics 
to a bulk sample, as we observed. Due to the similarities in values and overlapping 
uncertainties in the threshold measurements of the gold samples, we decided to use our 
threshold measurement for the 500 nm gold film as the ablation threshold of gold 
nanoparticles, while not neglecting the possibility that the size scale of the gold nanorod 
might have an effect on the ablation behavior. 

2.4 Nanoscale surface mold 

We developed a new method to measure the ablation depth profile for individual nanoablation 
sites by creating an inverse nanoscale mold of the ablation features on the silicon surface. We 
first thermally deposited an Au layer on the silicon surface at a rate of 0.5 nm/s to a final 
thickness of 25 nm. We then deposited a layer of chrome (Cr) on top of Au for adhesion 
without exposing the sample to air. By adhering a backing layer of glass to the Cr layer, we 
could peel the gold nanomold from the silicon surface. No release layer was necessary as the 
adhesion between Au and silicon is very weak. The inverse mold of the silicon surface 
topography thereby allowed us to measure ablation craters as raised protrusions rather than 
concave nanopits. Standard sharp AFM tips could then easily provide the profile of the raised 
protrusions, eliminating the need for fragile and costly ultrahigh resolution probes (e.g. carbon 
nanotube-tipped probes). Imaging raised protrusions also eliminated the difficulties associated 
with AFM imaging within nanoscale surface indentations. This new inverse nanoscale mold 
could serve as a reliable metrology technique for nanoscale studies. We validated the results 
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by comparing a set of known feature sizes in the original and molded surfaces, and observing 
that fidelity was preserved. 

3. Computational simulations 

We use the Discrete Dipole Approximation (DDA) method for all electrodynamics 
calculations in this study [31,32]. In DDA simulations, the simulated geometry is divided into 
small cubic regions, within which the induced dipole polarization is assumed to be uniform. 
The sum interaction of the dipole polarizations can be used to simulate the total interaction of 
light with the entire structure. DDA only simulates the structures of interest, and does not 
need to explicitly compute the boundary conditions and external regions. This difference in 
calculation technique makes DDA computationally efficient, but DDA is still an 
approximation. The approximation becomes exact as the dipole size becomes infinitely small. 
Researchers have implemented DDA successfully for many different applications in 
simulating light interactions with particles, including interstellar dust and colloidal 
nanoparticles [12,33,34]. 

We chose the DDA computation package ADDA, developed by Yurkin and Hoefstra at 
the University of Amsterdam, for our calculations because of demonstrated speed and 
efficiency, and access to parallel processing capabilities [35]. ADDA also allows easy access 
to dipole polarization vector data at each voxel, which is important for our calculations of 
electromagnetic fields at arbitrary locations. We wrote auxiliary Matlab programs to enhance 
the capabilities of ADDA for geometry generation and near-field calculation. Gold dielectric 
function values at the irradiation wavelength were obtained from a curve fit to experimentally 
determined dielectric constants [36]. We corrected these dielectric function values for size-
related surface damping [37,38] according to the Drude equation with a modified damping 
constant. Our own calculations and those of others have shown that the FCD polarization 
prescription is superior for the calculation of interaction cross-sections for large refractive 
indices [39], but we have found that the LDR polarization prescription is able to render field 
calculations more accurately and with fewer artifacts, so we have used that DDA calculation 
method in all simulations. Since these findings are beyond the scope of this paper, we will be 
further addressing them in a different publication. 

DDA calculates the interaction (absorption and scattering) cross-sections, which are a 
measure of the ability of a particle to remove light from the forward direction of propagation. 
The extinction cross-section, Cext, is a sum of the scattering, Cscat, and absorption, Cabs, cross-
sections (Eq. (1). The interaction efficiency, Qext, is equal to the ratio of the electromagnetic 
interaction cross-section to the geometrical area, A, of the structure (Eq. (2). 

 ext abs scatC C C   (1) 

 ext

ext

C
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A
  (2) 

For plasmonic nanoparticles, the extinction efficiency can be much larger than one as the 
resonant interaction draws light towards the particle from a much wider area than the 
geometrical area. In all simulations, a unit intensity of light was incident in the negative z-
direction on the simulated geometry. 

We calculate the electric and magnetic near-field enhancements surrounding the 
nanoparticles from the superposition of the scattered and incident fields. The near-field 
enhancements are important for the understanding of near-field ablation because of their 
effect on decreasing the ablation threshold and controlling the ablation patterns and expected 
size scales. We compute the scattered fields resulting from the complex dipole polarizations 
using Green‟s tensor formulation for the interaction of point dipoles with Eqs. (3)–(4) [33,40]. 
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We use these equations to calculate the sum electromagnetic (E and H) field strength 
enhancement at point m for each dipole n, having a complex polarization Pn at a distance of 
Rmn in the direction from the dipole to the field point, rmn, in incident light with a wave 
number k. We calculate near-field enhancements from dipole polarizations using a home-
written program for Eqs. (3)–(4). The Poynting vector represents the direction of light 
propagation, and has the magnitude of the electromagnetic energy density at a given position. 
Our recent research has identified the Poynting vector magnitude as an accurate predictor for 
the PLN ablation threshold [8], thus we calculate this term in our current simulations from the 
electric and magnetic fields at each location. 

3.1 Validation calculations 

To estimate the accuracy of the DDA platform for the simulation of gold nanoparticles in the 
near-infrared, we first compared DDA results for spheres with the exact Mie calculations, 
which are available only for spheres [41]. For an isolated 50 nm gold nanosphere at the 
plasmon resonance condition (λ = 532 nm, in water), the errors in the absorption and 
scattering cross-sections were 8% and 5%, respectively, for a DDA simulation with 32 dipoles 
across the sphere diameter (17256 total dipole elements) as compared with the exact Mie 
solution. However, DDA tends to overestimate the absorption cross-section for large 
refractive indices. For example, for the same size sphere simulated at near-infrared 
wavelengths (λ = 780 nm) in an air environment with the same discretization, we observe 
larger relative errors (135%) compared with the exact Mie solution due to the larger absolute 
magnitude of the index of refraction present at longer wavelengths and increased relative 
index of refraction at the interface. The error for DDA calculations in the scattering cross-
section remained relatively small for the same sphere (7%), indicating that DDA simulations 
are useful for scattering calculations even for large refractive indices. 

The accuracy of DDA for the calculation of interaction cross-sections has been 
investigated in detail for general cases [32,42]. A recent and specifically relevant paper [39], 
studied the use of DDA for the simulation of gold nanoparticles in the near-infrared. Similar 
to our findings, they observed similar trends and found that the error in absorption cross-
section could be large for gold nanoparticles at near-infrared wavelengths and that the filtered 
coupled dipole DDA solution method provided more accurate results for interaction cross-
sections. 

The accuracy for the cross-sections can be improved by decreasing the size of the cubic 
dipoles which make up the simulated nanoparticle, on account of two separate effects: better 
resolution of curvature as well as improving the fundamental accuracy of DDA. As the size of 
the dipoles decreases, corresponding to an increase in the number of dipoles across a given 
sphere diameter, the calculated cross-sections converge towards the exact value. When the 
number of dipoles across the sphere diameter is increased to 192 (3.7 million dipoles in total), 
the error in the scattering cross-section almost vanishes (1.2%), while the error in the 
absorption cross-section improves to 26%. Improved calculation accuracy does come at the 
cost of increased simulation time, however. In all cases, the predicted cross-section is larger 
than the Mie solution. DDA dipole cell sizes were kept at 1 nm or less in all cases to resolve 
particle curvature and to promote simulation accuracy. Early DDA studies proposed a figure 
of merit |m|kd, where |m| is the magnitude of the index of refraction, k is the wave vector and 
d is the side length of a single dipole cube. For this non-dimensional figure of merit, it was 
estimated that |m|kd < 1 should yield accurate results [43]. In our nanorod simulations, the 
maximum |m|kd used was 0.026, implying good simulation solution accuracy. As described 
above, the error in the calculated absorption cross-section can be a concern for DDA 
calculations for gold nanoparticles at near-infrared wavelengths. However, our primary 
interest is in the calculated near-field intensity enhancements for which DDA has proved to 
provide accurate estimates as we will discuss next. 
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We subsequently compared the near-field enhancement patterns obtained by DDA to those 
predicted using Mie theory for a 50 nm gold sphere in air at 780 nm. The accuracy of near-
fields calculated using DDA has not been well-studied, especially for magnetic fields and the 
Poynting vector. The results matched well both qualitatively and quantitatively. The error in 
fields (|E|2, |B|2, and |S|), calculated using DDA and compared with Mie theory, were confined 
primarily to the surface of the sphere. We compared the fields on a square grid of 150 × 150 
nm2 (3 diameters square) in the central vertical cross-section, including both internal and 
external fields. The region calculated corresponds to plus and minus one diameter in the 
horizontal and vertical directions from the sphere surface, which is the region that near-fields 
enhancements are concentrated. We divided the difference in the calculated fields from DDA 
and Mie theory by the Mie theory values to obtain a relative error for each point. By adding 
up these values and dividing by the number of points, we obtain an average relative error for 
the region studied. Using this method, we found an average relative error of 16%, 1% and 6% 
for the |E|2, |B|2, and |S| field magnitudes, respectively, for a sphere composed of 32 cubic 
dipoles across the diameter. These errors also decreased with decreases in the dipole cube 
size, to only 3%, 0.4% and 1.6% for the |E|2, |B|2, and |S| field magnitudes, respectively for a 
sphere composed of 192 dipoles across the diameter. Using these simulations, we conclude 
that DDA can provide accurate field enhancement values for near-field calculations. Lastly, 
we expanded these validation studies to qualitatively compare DDA results with published 
studies on the interaction of light with particles on a surface. Specifically, we compared DDA 
particle-on-a-surface simulations to expanded Mie theory results from the literature 
[18,44,45]. Our studies showed morphological agreement with published enhancement 
patterns and scattering distributions for spheres on a surface. 

3.2 Results – simulation of isolated rods 

Figure 1 shows the simulated and experimental extinction spectra of the isolated nanorods. 
We directed significant effort towards obtaining accurate simulations of our gold nanorods, as 
was also determined necessary by Ungureanu et al. [46]. We investigated various sets of 
dielectric constants and nanorod dimensions and shapes, including flat-ended cylindrical, 
spherically-capped nanorods, and experimentally observed shapes. The red curve shown in 
Fig. 1 shows the simulated spectra using a spherically-capped cylinder, while the blue curve 
shows the more experimentally representative bone shape. The bone shape and size of the 
rods in the simulations were modeled to be representative of the experimentally observed 
shapes from a set of high-resolution SEM images, as described in the previous section. 
Specifically, we modeled the rods as ellipsoidally-capped (e = 0.6), cylindrically-symmetric 
shapes with an hourglass-like tapered midsection (Dmin = 0.87*Dmax). We also simulated the 
random orientation of nanorods in a colloidal solution by averaging the extinction at four 
different orientations (along x,y,z axes and along [1,1,1]) for each of the simulated shapes. 

Figure 1 shows that the simulations using the more realistic bone shape match experiment 
much better than the commonly used spherically-capped cylindrical shape. Using the Palik 
dielectric constants and representative bone shape, we found excellent agreement between the 
calculated peak position of the longitudinal resonance and the experimentally measured peak 
extinction. The overall spectrum shape also followed expected trends, with a peak at ~510 nm 
due to the transverse plasmon resonance. All subsequent simulations were done using the 
bone shape for the nanorods. 

To take into account the effect of the observed size distribution of our nanorods in our 
calculations for the bone-shaped rods, we used a weighted average of the average nanorod (28 
x 76 nm2) with plus and minus two standard deviations in measured diameter and nanorod 
length. We found that modeling the size distribution resulted in the broadening and 
redshifting of the longitudinal plasmon resonance, in agreement with Prescott et al. [47]. The 
nanorod extinction peak redshifts when the size distribution is modeled because larger 
particles have larger absolute cross-sections, slightly skewing the peak towards longer 
wavelengths. The additional experimentally observed peak near 530 nm is due to cuboidal 
shapes and agglomerates observed in the colloid but not explicitly simulated. 
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Fig. 1. Extinction Spectra of Gold Nanorods: The measured Vis-NIR extinction spectrum for 
gold nanorods as compared with simulated extinction spectra for two different rod shapes. The 
red curve represents a spherically-capped cylinder and the blue curve represents an elliptically-
capped bone. The inset shows a high-resolution SEM image of a single rod. It is clear that the 
bone shape reproduces both the extinction spectra and SEM appearance more accurately. Both 
sets of simulations were completed with the same length, maximum width, and overall aspect 
ratio as the measured average values of the nanorods (28 x 77, AR = 2.8), but the bone-shaped 
rod simulation also includes the broadening effect of the observed nanorod size distribution (28 
± 4 x 77 ± 9 nm, AR = 2.8 ± 0.3), where the given ranges represent two standard deviations in 
nanorod size. 

The exceptional agreement of the simulated results with experimental observations shows 
that DDA can be used to accurately simulate the plasmonic behavior of gold nanorods. It is 
important to note that only with the accurate modeling of the nanoparticle shape do the 
extinction spectra match. The extinction enhancement is accompanied by a large 
electromagnetic field enhancement in the near-field of the nanoparticle. As the nanorods are 
randomly distributed on the surface, it is important to understand the interaction efficiency 
and near-field enhancement of isolated rods as a function of the angle between the nanorod 
long axis and the polarization of the incident light. We therefore performed a numerical study 
of the enhancement and interaction efficiency compared with the polarization alignment angle 
for isolated particles and for particles on a surface. The results revealed a cos2θ dependence 
on interaction efficiency and peak enhancement with angle θ in both cases. 

3.3 Results – simulation of nanorods on a surface 

DDA simulations were expanded to simulate a nanorod on a silicon substrate in an air 
environment to study the near-field enhancement for plasmonic laser nanoablation. These 
simulations automatically take into account multiple reflections between a particle and 
surface, a critical aspect for particle on surface simulations [18]. The dimensions of the silicon 
substrate were 240 x 190 x 140 nm3, centered beneath the particle (~10 million total dipoles). 
The computational simulations for nanorods on a silicon substrate included the presence of 
the 2 nm native oxide layer. We modeled the native oxide with the optical properties of 
silicon dioxide, as shown in Kim et al. [44], using tabulated data [36]. The cross-sectional 
area of the domain was large enough such that edge effects did not affect the near-fields 
around the particle. Adjusting the planar expanse or depth of the simulated substrate beyond 
this level changed the peak near-field enhancements by less than 10%. 
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Fig. 2. Calculated near-field enhancement around a gold nanorod (28 x 77 nm2) on a silicon 
substrate: Images a) and c) show the |E|2 enhancement, while b) and d) show the enhancement 
in the Poynting vector magnitude |S|. The incident light has λ = 780 nm and its polarization is 
parallel to long axis of the nanorod. The images a) and b) show the enhancement in the central 
cross-section of the rod. Images c) and d) show the field enhancements in the top layer of the 
substrate. The black outline shows the initial position of the nanorod. Note that the substrate 
simulated is much larger than the expanse shown in a) – d). 

Figure 2 shows the electromagnetic enhancement patterns around a nanorod on a silicon 
surface. The curved black solid lines show the outline of the particle, and the upper and lower 
dashed black dotted lines show the top of the substrate surface (2 nm thick layer of SiO2) and 
the top of the silicon surface, respectively. In comparing the subplots a – d in Fig. 2, it is 
important to notice the differences between the |E|2 and |S| plots. The |E|2 – field 
enhancements are two orders of magnitude larger than the |S| for both the cross-sectional 
plots as well as for the enhancements on the top surface. The enhancement patterns are also 
clearly different. For the |E|2 enhancement, there are two strong regions of enhancement near 
the end of the rod, while due to the effect of the magnetic field on the Poynting vector 
enhancement pattern, the |S| enhancement is more distributed beneath the nanorod. The 
component of the Poynting vector normal to the surface has previously been identified as 
responsible for surface ablation [8,18]. We show the magnitude of the z – component of the 
Poynting vector, |Sz|, on the silicon surface in Fig. 2d, but show the total magnitude of the 
Poynting vector, |S|, in Fig. 2b because the normal component cannot be resolved in the 
perpendicular cross-section. 

An additional study of the magnitude of |E|2 and |S| was performed as a function of angle 
between the nanorod long axis and polarization of the incident light. We again found a cos2θ 
dependence for the enhancement versus angle for nanorods on a surface. It should also be 
noted that the skin depth, or characteristic penetration length, of near-infrared light in gold at 
this wavelength is on the same length scale as the diameter of the nanorods in this study. 

4. Experimental results 

Gold nanorods were deposited on a silicon surface to study the effects of enhanced near-fields 
for surface ablation. Several sites on the silicon surface were targeted to observe a significant 
nanorod population. We irradiated the silicon at the center of each grid with a single laser 
pulse slightly above the silicon ablation threshold (550 - 700 mJ/cm2). We then calculated the 
fluence at the position of each uniquely identifiable nanorod using the distance from the 
center of the single shot ablation crater. By identifying the angle of each rod relative to the 
laser polarization, we determined the effective fluence along the long axis of the rods at each 
individual rod locations. Our goal was to study the effective fluence for nanorod survival, 
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nanorod removal, and plasmonic ablation of the silicon surface. Using this data, we found 
ablation thresholds and corresponding enhancements for PLN using gold nanorods on silicon. 

4.1 Nanorod removal 

Figure 3 presents the percentage of nanorod removal as a function of the effective fluence. 
We examined over 200 nanorod sites to check if each rod was removed or remained in place 
after laser exposure. Each result was placed into logarithmically spaced fluence bins, 
containing at least 10 nanorods. Each data point in Fig. 3 represents the percentage of rods 
removed in the fluence bin, and the fluence is given as the average of the rods within that bin. 
Unlike for spheres, the energy coupling of laser light with the rods is polarization-dependent. 
As discussed above, the near-field enhancement and absorption and scattering cross-sections 
scale as cos2θ multiplied by the maximum values for an aligned nanorod. By applying a cos2θ 
multiplier on the fluence, we estimated the effective fluence that each rod actually contributed 
to the longitudinal resonance. This correction collapsed the randomly scattered data into a 
single trend. The errors shown for each data point correspond to the size of each bin for the x 
axis and the standard deviation of the number of nanorods in each fluence bin for the y axis. 

 

Fig. 3. Nanorod removal from a silicon surface: The percentage of nanorods removed 
following single-shot irradiation as a function of the effective local fluence (peak fluence) for 
linearly polarized laser light with cumulative Weibull fits. The data points present nanorod 
outcomes grouped into logarithmic fluence bins. We calculated the effective peak fluence by 
multiplying the local fluence by the cos2θ of the angle between the polarization and nanorod 
long axis. 

Due to statistical variations in rod size, aspect ratio, and shape, the thresholds for rod 
removal and ablation are statistical estimates. To model the statistical trend of our results, we 
fit the nanoparticle removal data using a Weibull cumulative damage equation [48]. The 
Weibull damage equation, more commonly used in materials failure analysis, fits the failure 
probability of inhomogeneous samples to a given load according to Eq. (5). 

 01

thF F

F

RP e


 

  
    (5) 

Here, the nanoparticle removal probability, PR, gives the percentage of rods removed for a 
given fluence value. The exponent, β, is a measure of the sample homogeneity and increasing 
β results in a narrower transition width. In our application of this equation, the applied stress 
is given by the laser fluence, F. The parameters for fitting include a nanorod removal 
threshold of Fth = 1.2 mJ/cm2, a characteristic removal value of F0 = 12.2 mJ/cm2, when 1/e 
rods (63%) have been removed, and a β value of 1.2. The width of the transition from no 
removal to the removal of all nanorods can be explained by the differences in enhancement 
for various size nanorods. The same experiment was also performed using circularly polarized 
light. In this experiment, we did not observe any angular dependence with the orientation of 
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nanorods (as expected), and found that the plasmon resonance coupling was much less 
efficient as a result of the continuously shifting polarization direction. For circularly polarized 
light, the Weibull coefficients were Fth = 8.9 mJ/cm2 and F0 = 210 mJ/cm2 with a β value of 
1.6. The β value is increased for the circularly polarized case because a degree of freedom has 
been removed, leading to an effectively more homogenous sample. 

We attribute the nanorod removal to the ablation of the gold rod itself as a result of the 
enhanced intensities in its surface. To find the observed enhancement with these experiments, 
we compare the characteristic removal value (F0 = 0.012 J/cm2) for the gold nanorods with 
the ablation threshold observed for the 500 nm thick gold thin film (1.08 ± 0.15 J/cm2). 
Assuming that the characteristic removal value is representative of an average rod on the 
surface, we obtain an enhancement of ~89 ± 13. The ablation threshold for gold nanopartcles 
may be lower than the threshold for bulk gold considering of size confinement and electrical 
isolation. Nevertheless, the enhancement value agrees within the margin of error with the 
peak enhancement in the Poynting vector magnitude within the nanoparticle on a silicon 
surface, which has a peak value of ~100. In addition to this agreement, the removal of many 
nanorods outside the direct silicon modification region implies that near-field effects were 
responsible for their complete removal. 

Other possible mechanisms for the nanoparticle removal include heating-related effects 
such as nanoparticle melting and its complete evaporation, explosive boiling, or surface 
heating/expansion resulting in nanoparticle ejection. In the case of nanoparticle ejection, 
however, we would expect to observe displaced nanoparticles somewhere on the silicon 
substrate, none of which were ever observed in our experiments. Assuming no heat transfer 
out of the particle during the laser pulse and using the absorption cross-section for an isolated 
nanorod of 28 x 76 nm2 simulated with 192 dipoles across the nanorod diameter, the threshold 
for the complete particle melting would be ~37 mJ/cm2, which is more than three times 
greater than the experimental characteristic removal threshold. We hypothesize that the time 
scale for PLN is much shorter than for a heat transfer-mediated nanorod removal. Plasma 
formation can occur within ~1 ps for ultrafast pulses [49], while melting does not occur until 
the electrons transfer absorbed energy to phonons, which occurs ~30 ps after the laser pulse 
for a gold nanorod [50]. If the rods are ablated by PLN, they will be removed through plasma 
expansion. We also note that if the heating was responsible for nanoparticle removal, there 
should be a fluence zone where nanorods become spherical due to melting. We therefore 
reason that nanoparticle ablation will occur prior to and at lower fluences to melting, boiling, 
or surface expansion and ejection, even if the threshold is reached for nanoparticles on a 
surface. We thus conclude that complete ablation of the nanorods is the cause of removal. 

4.2 Silicon surface ablation 

We observed nanoscale laser modification and ablation of the silicon surface at local fluences 
significantly lower than the direct fs-laser ablation region of silicon (10 mJ/cm2 < F < 420 
mJ/cm2). The efficiency of the ablation in this regime depended on the orientation of the rod 
relative to the incident laser polarization. We studied the nanoablation sites using high-
resolution SEM to determine the nanocrater lateral dimensions and AFM to measure the 
nanocrater depth profiles. 

Figure 4 show SEM images of nanoscale ablation site and a depth profile as observed by 
an AFM. Within the direct fs-laser modification region of silicon (at F > 420 mJ/cm2), the 
nanorod ablation sites were local semispherical craters. Outside the silicon ablation threshold, 
we found that the nanorod ablation sites were photo-imprints of the nanorod, very similar in 
size to the nanorod, as shown in Fig. 4a. This is an interesting result, because the ablation sites 
did not consist of two separate craters for any of the plasmonic ablation sites, even for sites 
very close to the ablation threshold. We interpreted this result as evidence that the Poynting 
vector magnitude dominated the ablation morphology. We created nanoablation feature 
widths as small as 22 nm (Fig. 4a), representing the creation of λ/35 features using plasmonic 
near-field enhancement. Near the plasmonically-enhanced threshold, the ablation is confined 
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to a very small and shallow region beneath the nanoparticle, as expected from DDA 
simulations. 

 

Fig. 4. Nanoscale ablation site and depth profile: SEM images of the nanorods before and after 
laser irradiation at a local effective fluence of a) 54 mJ/cm2, right at the ablation threshold, and 
b) 218 mJ/cm2. The scale bars correspond to 75 nm and the yellow arrows indicate the incident 
polarization. c) The depth profile of the ablation site shown in (b), along the long axis shown 
with the dotted line as obtained using AFM. Note the different scales for the horizontal and 
vertical axes in (c). 

As can be seen in Fig. 4, a small rim was present at the edges of the nanoablation sites. 
This rim, previously described for the direct laser ablation of dielectrics [51], is caused by the 
melting of a thin surface layer beneath the surface volume at a fluence below the ablation 
threshold, which then is pushed to the edges of the ablation crater due to the high-pressure 
expanding plasma within the crater. We examined several nanoablation sites with ultrahigh 
resolution SEM and energy dispersive X-ray spectroscopy (EDS) for traces of gold in the 
crater. The results showed no gold at the crater rim or ablation sites within the limits of the 
system sensitivity, implying that the nanoparticle was completely removed from the ablation 
site. 

 

Fig. 5. PLN threshold of silicon: Logarithmic dependence of ablation depth as a function of 
peak fluence at various sites where nanorods were present before the irradiation. Extrapolation 
of the linear fit to zero provides the single-shot ablation threshold (50 ± 20 mJ/cm2) for 
nanorod-enhanced PLN. The direct fs-laser ablation thresholds of silicon and silica are also 
given for comparison with the PLN threshold. The dashed gray line describes the thickness of 
the native oxide layer on silicon. 

To estimate the threshold for PLN of silicon by a gold nanorod, we plot the depths (ha) of 
nanorod ablation sites as a function of the effective local fluence, shown in Fig. 5, for a region 
outside of the direct fs-laser ablation of silicon. The effective fluence represents the portion of 
the incoming laser field aligned with the long axis of the gold nanorods. The results show a 
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linear relationship between the depth of the nanoablation sites and the logarithm of the 
effective fluence, shown in Eq. (6) [8]. 
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Using this data and the Eq. (6), we find an effective optical penetration depth, αeff
1, of 2.2 

nm, as compared to a αeff
1 = 129 nm for ultrafast laser ablation of silicon without plasmonic 

enhancement, which was found from our direct fs-laser experiments on silicon (Table 1). This 
difference shows the localization of plasmonically-enhanced fields around the nanoparticle 
and that the ablation is mainly confined to the thin oxide layer. The linear fit gives an ablation 
threshold, Fth, estimate of 50 ± 20 mJ/cm2, where the error is calculated from linear regression 
analysis. This reduction in the ablation threshold reveals a plasmonic enhancement of ~8 
times when compared to the direct fs-laser ablation of silicon. This experimental enhancement 
is much lower than expected from our simulation results. A significant proportion of the 
ablation, however, occurs within the top native oxide layer, shown with the dashed gray line 
in Fig. 5, for the sites studied here. If we model the native oxide as pure SiO2, the calculated 
enhancement is much more substantial for the surface ablation, which is found to be ~92 
using our experimental direct fs-laser ablation threshold for fused silica. This magnitude of 
enhancement matches the Poynting vector enhancement of ~100 (Fig. 2d) much better than 
the |E|2 enhancement of ~10,000 (Fig. 2c). 

In addition, we observe the better match of the ablation shape with the distribution of the 
Poynting vector, and we thus conclude that the Poynting vector magnitude is a better predictor 
of ablation behavior for PLN. This conclusion is in opposed to previous work that has taken 
the |E|2 – field as the identifier for ablation [7,19], but is in agreement with our previous study 
using gold nanospheres on a silicon surface [8]. In that work, we also showed that the ablation 
enhancement matched the magnitude of the Poynting vector on the surface. By using 
asymmetric gold nanorods here, we can conclusively show that the ablation pattern and 
enhancement match the Poynting vector magnitude better than the |E|2 – field enhancement. 

5. Conclusions 

In this paper, we have investigated the origin of the near-field enhancement for plasmonic 
laser nanoablation (PLN) using gold nanorods on a silicon surface. By using realistic shapes 
for our nanoparticle model, we were able to effectively simulate plasmonic nanoparticle 
enhancement behavior. From a comparison of experimentally observed nanorod nanoablation 
sites with simulations, we determined several parameters of importance. First, PLN with 
nanorods is orientation dependent and interaction scales as cos2θ, where θ is the angle 
between the nanorod long axis and the direction of polarization for nanorods on a surface. 
Second, we observed nanorod removal due to ablation following a statistical trend based on 
the nanorod size distribution and associated variation in the plasmonic enhancement. PLN 
with nanorods was demonstrated capable of creating nanoscale features as small as 22 nm in 
width on a silicon surface. The minimum feature size was found to be a photo-imprint of the 
nanorod, and no physical limitations should prevent the creation of even smaller features 
using smaller nanorods. Third, PLN with nanorods can be achieved with a laser fluence 
threshold of ~8 times less than the silicon ablation threshold, and ~92 times less than the 
silicon dioxide threshold. Finally, we conclude that the Poynting vector enhancement more 
accurately predicts plasmonic laser ablation than the |E|2 enhancement pattern, both in terms 
of ablation morphology and the magnitude of enhancement. This research can be useful for 
predicting damage to structures and biological materials in the vicinity of nanoparticles. 
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