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The formation of nanoparticle covered pyramidal structures using femtosecond laser pulses with a flu-
ence near the ablation threshold is reported for the first time. These unique structures form through a
combination of preferential ablation of flat regions around the pyramids and redeposition of nanoparti-
cles created during the ablation process. The structures are demonstrated on nickel and stainless steel
316. When produced by rastering Gaussian pulses across the sample, layers of nanoparticles join together
by sintering to form unique layered shells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Femtosecond laser surface processing (FLSP) is a rapidly devel-
oping technology that can be utilized for creating specialized
micro/nanostructures on the surface of various types of materials.
The wide range of and precise control over the surface morpholo-
gies enable precise tailoring for specific applications. Alarge variety
of micro/nanostructured morphologies fabricated by FLSP have
beenreported in the literature, including pillars [1-5], cones [6-11]
spikes [3,12-14], and mounds [15]. All of these surface morpholo-
gies share similar characteristics, namely microstructures with a
height to width aspect ratio of atleast 2:1, widths around 2-10 pm,
and either nanoripples or nanoparticles covering the surface. In this
work, we present for the first time a new surface morphology fabri-
cated via FLSP that is referred to as nanoparticle covered pyramids
(NC-pyramids). NC-pyramids have a pyramidal shape and are cov-
ered with a thick layer of nanoparticles (typically >2 pm thick).
The NC-pyramids have an aspect ratio near 1:1 and can grow to
be more than 50 wm in height and width. In a recent publication
covering FLSP, we demonstrated that different values of the laser
fluence lead to dissimilar formation processes for mound-shaped
structure growth and therefore unique surface morphologies [15].
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NC-pyramids are another unique surface morphology that result
from using FLSP at much lower fluences (near the ablation thresh-
old of the material). NC-pyramids form through a series of different
processes than either of the mound structures previously reported
[15].

The pyramids discussed in this paper are similar in forma-
tion and shape to pyramids formed during ion beam bombarded
copper [16], as well as through nanosecond laser machining of
polymers [17-19] and graphite [20]. As reported in this previ-
ous work, the onset of formation occurs when a small portion of
the surface has a higher ablation threshold than the surrounding
regions, and thus results in preferential ablation along with the
subsequent formation of a precursor cone. The existence of regions
with increased ablation thresholds is attributed to impurities that
are either originally present in the material or deposited during
the ablation process. A unique aspect of the pyramidal structures
formed using FLSP that is not present through other methods is
a thick layer of nanoparticles that builds up on the surface. As a
result, the NC-pyramids discussed here appear to be formed as
a hybrid structure type that lies between the pyramids formed
during nanosecond ablation and the nanoparticle aggregates dis-
cussed in one of our earlier publications [21]. One advantage of
using FLSP for the formation of NC-pyramidal structures is the
minimized heat affected zone [22]. Thus, using FLSP to produce NC-
pyramids is an improvement over the use of longer pulsed lasers
for applications where the bulk material needs to remain unaltered.
This is the first demonstration, to our knowledge, of the forma-
tion of NC-pyramidal structures formed on a metal surface using
FLSP.
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2. Experiment

NC-pyramids were produced through two techniques: station-
ary ablation of the sample using pulses with a square flat-top
beam profile and by rastering pulses with a Gaussian-shaped
beam profile across the sample surface. The multipulse growth
mechanisms of NC-pyramids on nickel using stationary ablation
were studied using a stop-motion scanning electron microscopy
(SEM) technique similar to that described in our previous pub-
lication [15]. Using this technique, a single area on the sample
was alternately irradiated and imaged in order to produce a
series of high-resolution SEM images that depict the forma-
tion processes of individual NC-pyramids with increasing pulse
count. These still frame images were sequenced to form high
resolution stop-motion SEM videos. The NC-pyramid formation
processes occur gradually over 1,000-20,000 pulses. Therefore, the
number of pulses between SEM imaging was varied to balance
the time commitment and the step size over which interesting
results could be observed. The redeposition of ablated nanopar-
ticles on the surface of the pyramids was investigated using
both stationary flat-top pulses and rastered Gaussian-shaped
pulses in order to isolate the impact of sample motion dur-
ing processing. The stop-motion imaging work presented here
was performed on nickel, which was chosen because of its
potential use as electrodes in pseudocapacitor and electroly-
sis systems, its purity, and the volume of published work on
femtosecond pulse interactions with nickel. Similar NC-pyramids
have been fabricated via FLSP on stainless steel (SS) (type 316,
304, and 430) in our laboratory. Results on 316 SS are also
included.

The laser used for carrying out this research was a Spectra
Physics Spitfire, Ti:Sapphire femtosecond laser system capa-
ble of producing 1m]J, 50fs pulses. In combination with a
computer-controlled shutter, the repetition rate of the laser was
adjustable from single pulses up to the maximum of 1kHz.
The pulse length and chirp were monitored using a Frequency
Resolved Optical Gating (FROG) instrument from Positive Light
(Model 8-02). The position of the sample with respect to the
laser focal volume was controlled using computer-guided Melles
Griot nanomotion translation stages with 3 axes of motion.
The laser power was controlled using a half waveplate and
a polarizer. All of the work was completed in open atmo-
sphere.

In our previous publication, we demonstrated that the growth
of self-organized surface structures is critically dependent on
the laser fluence [15]. For this reason, a square-shaped flat-top
beam was used for the stop-motion SEM experiments in order
to generate a uniform laser fluence on the material surface. The
experimental setup and beam profile can be seen in our pre-
vious publication [15]. This beam profile was created using a
refractive beam shaper from Eksma Optics (GTH-4-2.2FA). The
laser fluence varied by less than 20% across the central portion
of the beam, and any fluence fluctuations in the flat-top distri-
bution are attributed to the asymmetries and inhomogeneity of
the input beam. The flat-top profile is constant over the 50 pm
ablation depths studied in this work. The spot size on the sam-
ple was determined using the same techniques as described in
our previous publication [15]. The impact of sample motion during
processing, which is necessary for the fabrication of large struc-
tured areas, was investigated by translating the sample through
the path of the laser in a rastering pattern. For this portion of
the research, the laser had a Gaussian beam profile with an abla-
tion diameter of 600 pm, which was achieved by removing the
Gauss-to-top hat beam shaper, 500 mm focal length lens, and beam
expander/collimator from the setup described in our previous pub-
lication [15].

3. Results
3.1. Shot by shot growth

NC-pyramids form on nickel at laser fluence values in the range
of 0.09-0.17 ]/cm?2, which is near the 0.05J/cm? ablation threshold
for nickel when measured with 300fs pulses centered at 527 nm
[23]. Utilizing stop-motion SEM techniques, the shot-by-shot for-
mation process of the NC-pyramids was analyzed and broken into
two growth phases. The first phase is the formation of precur-
sor cones. The second phase is described in two parts occurring
concurrently: continued growth of the pyramidal structure on the
surface, and the development of the nanoparticle layer. The shot-
by-shot growth experiments were completed using a constant laser
fluence of 0.12]/cm?, and are demonstrated in the stop-motion
video (multimedia online: media 1) and a sequence of images from
this video in Fig. 1. It is highly recommended to view the stop-
motion video (multimedia online: media 1) in addition to viewing
the images in Fig. 1 in order to be in a position to most readily
understand the intricacies of the formation dynamics. These SEM
videos provide a powerful shot-by-shot visualization of the growth
of single structures in the ablation region and greatly contribute to
the understanding of the dynamics involved in the formation of
these structures in time and space.

3.1.1. Phase I: Development of precursor cones

The first phase of NC-pyramid development is the formation of
precursor cones over a large number of laser pulses, which occurs
at the same time that laser induced periodic surface structures
(LIPSS) are produced on the surface. LIPSS from FLSP is well pub-
lished in the literature, including work on metals [24-26]. These
LIPSS lines do not contribute to the formation of the NC-pyramids
being reported in this paper. However, LIPSS are present over the
entire ablation region before NC-pyramids begin to form, in the flat
regions between NC-pyramids throughout the formation process,
and even on the surface of the pyramids before the nanoparticle
layer fully develops and covers the pyramids (see Fig. 1a and b).
With increasing pulse counts, small cones begin to form on the
LIPSS covered surface (the first cone appears around 1000 pulses in
this sample). Fig. 1a is a SEM image of a cone that has developed by
the end of the first phase. As has been previously discussed, these
conical structures develop from localized regions with an increased
ablation threshold relative to the bulk material. Since NC-pyramids
form with laser fluence values near the ablation threshold, any
variation in the ablation threshold has a direct impact on the abla-
tion rate. Over many thousands of pulses, the cumulative effect
of a variation in the ablation rate is the formation of features
tens of microns in size. The source of the initial inhomogeneity
that causes the formation of the precursor cone has been previ-
ously attributed to impurities on the sample when fabricated with
nanosecond pulses. For example, Krajnovich and Vazquez conclude
in their work on nanosecond ablation of polymers that the higher
ablation threshold is from carbon enrichment [ 18]. Species are pref-
erentially ejected from the material, leaving behind a carbon rich
surface, which has a higher ablation threshold. As a different exam-
ple, Krajnovich et al. conclude in their work on nanosecond ablation
of highly oriented pyrolytic graphite (HOPG), cone formation is
initiated by micrometer-sized impurities of Ti, V and Fe. It is sug-
gested that the impurities act as heat sinks, shunting heat away
and leading to lower sputtering rates in the localized area [20]. In
the case of FLSP, it is believed that sources for localized variations
in the ablation threshold include: a localized crystalline structure
difference (e.g. grain boundaries), impurities in the sample, or mod-
ifications in the material from previous pulses (e.g. redeposition
of material ejected during the ablation process, which leads to an
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Fig. 1. (multimedia online: media 1). SEM images of stepped NC-pyramid growth from the stop-motion SEM analysis of nickel imaged at 45° after the specified number of
pulses. Part (a) represents the end of the first phase. Parts (b)-(i) represent the second phase. These images represent single frames of media 1.

inhomogeneous distribution of absorbed energy from subsequent
laser pulses).

It is also interesting to note that the slope of the precursor cone,
asitdevelopsin phase I, determines the slope of NC-pyramid struc-
ture as it grows throughout phase II. This slope may be attributed
to the angular distribution of scattered light from the initial precur-
sor site. Indeed, calculations for Mie scattering of a 2 wm particle
(corresponding to the size of the tip of the precursor cone) pre-
dict oscillations in the intensity of light as a function of angle; the
location of rings seen around the base of precursor cone in Fig. 1a
corresponds well to these predictions. This is consistent with an
explanation of the formation of similar structures on polymide
using nanosecond laser pulses as described by Dyeretal.[17]. Alter-
natively, in the work by Krajnovich et al. on HOPG, the presence of
the metal impurities serves to dissipate heat from the surface and
lowering the localized ablation rate of the surrounding material
[20]. The slope of the cones is then proportional to the induced vari-
ation of the ablation rate around the impurity. Further studies are
needed to determine which process significantly impacts the slope
of NC-pyramids fabricated via FLSP. Once developed, these cones
then act as precursor sites for the preferential ablation process and
nanoparticle redeposition that dominates the second phase of the
formation.

3.1.2. Phase II-A: Development of pyramid structures

The second phase in the growth of the pyramids is characterized
by the progression of the precursor cone, discussed in Phase I, to the
final NC-pyramid morphology and is described in two parts: Part
A and Part B. Part A describes the development of the micro-scale
pyramid structure. With increasing ablation pulse counts, the cone

is preferentially ablated into the surface while keeping the same
aspect ratio. Preferential ablation is the result of two phenomena:
first, a percentage of the light incident on the side of the NC-
pyramids is reflected into the flat regions between precursor cones,
whichincreases the total fluence in these areas; second, the portion
of the beam incident on the sides of structures is spread over a
larger geometric area, which further decreases the fluence rela-
tive to the valleys where the pulse is normal to the surface [9,15].
These processes are graphically illustrated in Fig. 2. By analyzing
SEM images of pyramids at steep viewing angles, it is estimated
that the pyramids have a slope of 55°. At this angle, the fluence will
be 42.5% lower on the sides of the pyramids than on the flat regions
due to the increased subtended area; this projected area difference

i1
Incident ﬂ,l
photons |

NC-pyramid

Larger incident Smaller incident]
geometric area _geometric area

Fig. 2. Diagram of the effect of structure geometry on light distribution that leads
to preferential ablation.
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Fig. 3. SEM images of NC-pyramids on 316 SS produced using Gaussian focused pulses with 5000 pulses at 0.16 J/cm?2, viewed at (a) normal incidence (b) 90°.

decreases the laser fluence from 0.12]/cm? down to 0.069 ]/cm?.
With laser fluence values so close to the ablation threshold, this
reduction in fluence can significantly impact the ablation rates of
the NC-pyramids versus the valleys between them. Over thousands
of pulses, the combined affect will be perpetuated and lead to the
development of the NC-pyramid structures observed.

3.1.3. Phase II-B: Development of the nanoparticle layer on the
pyramid structures

Another aspect of the second phase is the onset of nanoparticle
redeposition, which occurs at the same time as the pyramid growth
due to preferential ablation (Phase II-A). With each incident pulse,
the ablation process leads to the ejection of nanoparticles from the
surface, some of which subsequently redeposit on the sample sur-
face. The fluence is sufficiently high in the flat regions that each
laser pulse ablates any redeposited nanoparticles, which is evident
from the presence of LIPSS and the absence of nanoparticles on the
flatregions in every image of Fig. 1. However, redeposited nanopar-
ticles are not ablated off of the sides of the NC-pyramids where the
fluence is lower. Eventually, the nanoparticles cover the entire NC-
pyramid. The gradual development of the nanoparticle layer as it
begins to cover the pyramid structure is observable in Fig. 1 in the
range of 1000-2000 pulses. Note that the tip of the NC-pyramid
also broadens and grows above the original surface with increased
shot numbers due to the growth of the nanoparticle layer. This
upward growth is even more evident on 316 SS where the peaks of

pyramids have been demonstrated to grow above the original sur-
face (see Fig. 3b).

3.1.4. Effect of sample motion during processing on nanoparticle
layer development

A common method to produce multiscale surface structures via
FLSP over a large area relative to the beam size is to raster the sam-
ple through the path of the beam. However, whether or not the
sample is in motion during processing impacts the development of
the nanoparticle layer in phase II-B of NC-pyramid formation. This
impact can be analyzed by placing a processed sample in an ultra-
sonic bath filled with distilled water to break apart the nanoparticle
layer and reveal the internal structure. SEM images of broken NC-
pyramids formed by a stationary flat-top and a rastered Gaussian
beam are shown in Fig. 4a-d, respectively. For the sample produced
by rastering the Gaussian beam profile, the ablation diameter pro-
duced from 100 pulses at 0.248 J/cm? was 600 m. The sample was
rastered at a speed of 0.8 mm/s with a pitch of 15 wm. This com-
bination of spot size and translation speed results in the sample
beingirradiated with 750 pulses/area for each rastering pass. With a
15 wm pitch, each area of the sample is irradiated for 40 consecutive
rastering passes, resulting in a total of 30,000 pulses/area.

Only a single layer of nanoparticles appears to be present when
a sample produced from stationary ablation has been cleaned in
the ultrasonic bath (see Fig. 4a and b). However, a series of con-
centric shells is observed when the sample is produced using a
rastered beam. These concentric nanoparticle shells are similar to

Fig.4. SEM images of pyramids formed using the following parameters: parts (a) and (b) stationary ablation with the square flat-top profile using 20,000 pulses at 0.12 J/cm?,
after cleaning in an ultrasonic bath. Parts (c) and (d) rastering Gaussian focused pulses with 30,000 pulses/area at 0.248 J/cm?, after cleaning in an ultrasonic bath.
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Fig. 5. SEM images of stepped NC-pyramid growth from the stop-motion SEM technique on nickel imaged at 45° after the specified number of pulses.

the nanoparticle aggregates produced on aluminum by Zuhlke et al.
[21]. The formation of these shells can be attributed to rastering.
Individual shells form when the laser is ablating regions around
but not directly over a NC-pyramid and ejected particles land on
the pyramid. As the sample is translated so that the laser irradiates
the NC-pyramid, the nanoparticle layer that has built up on the
pyramid is sintered together as a single layer. This process occurs
with each rastering pass, leading to the formation of several shells
of nanoparticles. For the sample displayed in Fig. 4c and d, each
structure was irradiated with a portion of the pulse profile for 40
consecutive rastering passes. At least nine shells are clearly visible
on the NC-pyramid in Fig. 4d. The discrepancy between the num-
ber of shells and the number of irradiating rastering passes, can be
accounted for by considering that a full shell will only form when
the entire structure is irradiated in a single rastering pass. For the
pyramid in Fig. 4d, with a 50 pwm diameter base, and considering the
600 pm spot size, the entire structure was illuminated for 12 con-
secutive passes, which explains the lower number of shells. Further
discrepancy can be attributed to the Gaussian profile of the focused
pulses, which leads to a varying fluence for the portion of the pulse
profile incident on the structure for consecutive rastering passes.
This varying fluence would also account for variations in shell thick-
nesses. This same process does not occur with stationary ablation
and explains the absence of shell structures in Fig. 4a and b.

3.1.5. Development of multiple NC-pyramids

A stop-motion video and corresponding still images of the for-
mation of multiple NC-pyramids within the flat-top beam profile
are shown in media 2 (multimedia online) and Fig. 5. Note that
media 2 and Fig. 5 correspond to the same irradiated region as
media 1 and Fig. 1 at a lower magnification in order to enable
the observation of multiple NC-pyramids. Precursor cones develop

at various ablation pulse counts and depths beneath the original
surface. Regardless of the depth, precursor cone formation occurs
from any of the theories for varied ablation thresholds previously
mentioned. Once a precursor cone forms, the NC-pyramid develops
through the second phase as is illustrated well in multimedia 2. The
markers 1 and 2 indicate two NC-pyramids that form at different
ablation pulse counts. Note that the NC-pyramid marked 1 is the
same structure documented in Fig. 1. At large ablation pulse counts,
the ablation crater is covered in a number of NC-pyramids with
the size of each depending on the pulse count at which formation
began. This variation in ablation pulse count for the onset of pyra-
mid formation results in the peaks of the NC-pyramids at different

Table 1
Summary of shot by shot growth of NC-pyramids.

Phase I (~1-1000 pulses) Phase II (~1000+ pulses)
Development of precursor Development of nanoparticle covered
cones pyramids

Part A: Geometric effects lead to
preferential ablation of the base of the
cones and the cones are etched into the
surface with the same aspect ratio.
Part B: Nanoparticles produced during
the ablation process redeposit on the
surface of the pyramid, eventually
covering the entire pyramid.

Nanoripples with a period
~600 nm; also known as
laser induced periodic
surface structures (LIPSS).

Precursor cones develop from a
localized increase in the
ablation threshold (from
impurities, localized
crystalline defects, or
redeposition of material)
(~500-1000 pulses).

Precursor cones continue to
develop at various depths
(pulse counts) in the surface
(~1000+ pulses).

Once the nanoparticle layer covers the
entire structure, growth of the
NC-pyramid continues and layers of
nanoparticles continuously build up on
the outside of the structure.
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Fig. 6. Diagram of the two phases of NC-pyramid formation.

heights relative to the original surface. However, once formed, the
location of the peak of a pyramid does not change. The NC-pyramids
continue to grow larger due to preferential ablation and nanoparti-
cle redeposition until they collide with neighboring NC-pyramids.
Eventually the entire crater is filled with NC-pyramids (not shown
here) and the formation process is halted.

3.2. Summary of the growth mechanisms for NC-pyramids

A summary of the shot-by-shot development of the NC-
pyramids is described in Table 1 and diagrammed schematically
in Fig. 6. The overall formation process is dominated by preferen-
tial ablation of micrometer-scale pyramids and the redeposition of
nanoparticles created during the ablation process on top of those
pyramids.

4. Conclusion

In this paper, the fabrication of NC-pyramids using femtosec-
ond laser surface processing at laser fluence values near the
ablation threshold has been demonstrated for the first time. Fur-
thermore, the formation dynamics have been explained through
the use of high-resolution stop-motion SEM videos. These unique
NC-pyramid structures form at a fluence very close to the abla-
tion threshold through a combination of preferential ablation and
redeposition of nanoparticles created during the ablation process.
NC-pyramids are characterized by micrometer-scale structures
with an aspect ratio of roughly 1:1 that are covered in layers of
nanoparticles. The attachment of these nanoparticles to the origi-
nal cone structure is affected by the beam profile and whether the
sample is in motion during processing; rastering with a Gaussian
profile over a square flat-top profile results in multiple shells of
nanoparticles, while stationary ablation creates pyramids with a
single shell of nanoparticles. The structures reported in this paper
have a different geometry and develop through different processes
than any other FLSP structures previously published. Although
the current work only presents results on Ni, similar structures
have been observed to form on stainless steel (type 316, 304, and
430).
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