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Abstract

Highly porous nanofoam can be fabricated via multiphoton ablation of a ma-
terial by raster-scanning femtosecond laser pulses over the material surface.
Here, we show the fabrication of nanofoam on the inside surface of a hollow
silica capillary that has an inner and outer diameter of 640 and 700 pum re-
spectively. A thin layer of nanofoam was fabricated over ~70% of the inner
surface of the capillary. Ray-tracing simulations were used to determine the
positional corrections required to account for refraction on the curved surface
and also to explain the inability to fabricate nanofoam on the side walls of the
capillary.

Keywords

Laser Ablation, Multiphoton Ablation, Capillary, Glass, Fabrication,
Nanofoam

1. Introduction

Nanofoams are a class of nanostructured porous materials, and have potentially
desirable applications in photonics, electronics, chemistry and medicine [1]-[6].
Here, we use femtosecond laser pulses as the fabrication tool, as they offer the
potential for precise control of the location where the nanofoam is produced.
The fabrication of nanofoam via high repetition rate laser ablation has previous-
ly been demonstrated in many materials, including carbon [7], silica glass [8],
silicon [9] and chalcogenide glass [10]. In practice, the fabrication requires ras-
ter-scanning a laser focus over a target material, with a carefully chosen separa-

tion between adjacent raster-scanned lines.

The fabrication process when using high-repetition-rate femtosecond pulses,

is understood as follows. The energy from the laser pulse is absorbed at the sur-
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face, and transferred into lattice vibrations (Z.e. heat) on a picosecond and longer
timescale, leading to a significant accumulation of energy at the location of the
laser focus, causing the material to melt and form a plasma. If the time separa-
tion between laser pulses is shorter than the glass melt time, the melted region is
prevented from solidifying. As the energy increases further, jets of high temper-
ature material are forced out of the plasma and subsequently cool rapidly, form-
ing nanowires whose composition reflects that of the target material [8]. The re-
sult of this process is a highly disordered mesh of nanowires, which we refer to
here as nanofoam.

This work builds on the study of the fabrication of nanofoam on planar sur-
faces [11], such as glass slides, and translates this approach to fabrication inside
a hollow glass capillary. Experimental results showing the fabrication of nano-
foam inside a hollow capillary are presented, assisted via the use of ray-tracing
simulation that describes how to correct for the effects of refraction of light from
the curved surfaces. This proof-of-principle result may facilitate a diverse range
of end applications, for example, microstructured optical fibres and particle fil-
tration devices.

In order to fabricate nanofoam inside a hollow capillary, we require the laser
light to propagate through the air-glass interface at the outer surface, and be ab-
sorbed at the glass-air interface at the inner surface. To achieve this, we must
take advantage of multiphoton processes during fabrication, which can enable
very short pulses of light to pass through a material when unfocussed, as the
peak intensity is too low, whilst being absorbed by the material at the focus.
Therefore, femtosecond laser pulses were used for this approach.

In this manuscript, Section 2 illustrates the experimental setup and the fabri-
cation process, while Section 3 provides a theoretical discussion on the refrac-
tion from the curved surface of a hollow capillary and an approach for compen-
sating for the resultant positional errors. The experimental results are discussed

in Section 4, and conclusions are presented in Section 5.

2. Experimental Setup

Laser pulses from a Ti: sapphire amplifier (150 fs pulse duration, 800 nm central
wavelength), operating at a repetition rate of 250 kHz, were focused using a 50x
objective (Nikon LU Plan, NA = 0.55), onto the inner surface of a pure silica,
hollow capillary. The focused spot size, which was approximately Gaussian in
profile, without any refraction effects was ~3 um diameter, with associated single
pulse fluence ~56 J/cm®. However, due to refraction effects (as illustrated by the
simulations in Section 3) these values represent a lower limit for the spot size,
and an upper limit for the fluence. The capillary had an outer diameter of 700
pm, inner diameter 640 um, and wall thickness of 30 um. The laser was scanned
back and forth in straight lines that follow the internal surface of the hollow ca-
pillary, via XYZ positional stages on the sample. The chosen raster-scanning

geometry is shown in Figure 1. A total of 400 lines (illustrated by red lines along
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Figure 1. Schematic of experimental setup for the fabrication
of nanofoam inside a hollow capillary, where Z axis is defined
as along the length of the capillary.

the length of the inside of the capillary in the figure) were scanned, separated
from an adjacent line by ~5 um along the curve of the capillary and each with a
scan speed of 3 mm/s, where both values were found optimal for maximum vo-
lume production for this setup when fabricating nanofoam on a planar substrate.

The objective here was to maximize the amount of nanofoam on the inside
surface. Whilst rotation of the capillary could be possible in principle, here we
explore the feasibility of the approach of only moving the capillary in XYZ, and
hence with no rotation, for both simplicity and accuracy. Rotation stages require
an exact center of rotation to be defined, and as such, would require precise po-
sitioning of the capillary with respect to the center of movement. Previous work
has shown that for planar substrates, the top ~1 um of the sample is sacrificed,
and turned into nanofoam with depth up to 100 pm, and with a density as low as
1% of the original material. The amount of nanofoam produced and the ap-
pearance strongly depends on the material type and the experimental parame-

ters.

3. Refraction Effects from a Hollow Capillary

This section provides a theoretical discussion of refraction effects that must be
taken into account when trying to focus light on the inside surface of a hollow
capillary, where the capillary can only be translated in XYZ and not rotated, and
where the light focus position is static. The theoretical results in this section illu-
strate the positional corrections that were used in Section 4 in order to compen-
sate for refractive effects, and hence ensure that the laser focus was scanned
along the inner surface of the capillary. This section also presents a qualitative
description of the limitation of this approach, in terms of the possible range of
angles that can be utilized for nanofoam fabrication. As shown in Figure 1, the Z
axis is defined as along the length of the capillary, and hence the effects of re-
fraction are independent of the Z position. Therefore, the simulations are only

for a single XY plane. The motivation behind investigating this configuration is
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that it matches a laser machining setup that does not include a rotation stage. To
quantify these effects, in this section we discuss a simulation framework, based
on ray-tracing, which provides an understanding of the limitations of this laser
fabrication approach, along with specific positional corrections. The size scales
for the inner and outer diameters (640 pm and 700 um), the numerical aperture
of the objective (NA = 0.55) and the capillary refractive index (n = 1.45), are
chosen here to match the experimental results in Section 2.

Geometrical ray-tracing can be used to characterize the effects of refraction
caused by propagation through a hollow capillary. For the simulation, 15 rays, at
5 degree spacing between -35 degrees and +35 degrees, were propagated through
a 2D array of zeros and ones, corresponding to the presence of air (n = 1) and
glass capillary (n = 1.45) respectively. The propagation of each ray was calculated
analytically taking into account the angle of the interfaces and the change in re-
fractive index at each position, and the size of the beam at all positions was cal-
culated by taking the standard deviation of the separation of the rays (in the di-
rection perpendicular to the propagation direction), where the minimum value
of this standard deviation of separations corresponded to the resultant focus po-
sition. In general, refraction at an interface caused the rays to diverge from their
original direction, hence resulting in a larger minimum separation that also oc-
curred in a different position to that if there was no capillary present. Each si-
mulation trial provided: 1) the XY positions of the focus if there was no capil-
lary, referred to as the “stage position”; 2) the XY position of the focus modified
due to refraction, referred to as the “focus position”; and 3) the size of the focus
due to refraction, referred to as the “focus size”. To obtain this dataset, the focus
position and focus size were recorded for a set of stage positions, hence provid-
ing a mapping between the stage position and the resultant focus position and
focus size.

The challenges of focusing at every position on the inside surface of a hollow
capillary is illustrated in Figure 2, which shows the highest possible fluence, at
all possible focus positions across the capillary cross-section, as a percentage of
the incident light fluence. Foci that were outside the outer diameter of the capil-
lary have been removed from the figure for clarity. Regions inside the capillary
cross-section that are black (i.e 0%), for example on the side walls, are positions
that are theoretically impossible to focus on. A value of 25 represents a fluence
that is 25% of the incident light fluence. As shown in the figure, the bottom and
top regions experience a high maximum fluence, whilst regions on the side gen-
erally experience only a low maximum fluence. As the nanofoam fabrication
process is extremely dependent on fluence, it is clear from this figure that some
regions of the inside surface will correspond to larger volumes of fabricated na-
nofoam.

As discussed earlier, the ray-tracing simulations provide a mapping from the
stage position (Ze. the physical position of the stage) to the focus position (ie.

the resultant position of the focus). By reversing this mapping, the required stage
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Figure 2. Maximum fluence possible at each position across the cross-section of
the capillary, as a percentage of the incident fluence. The large white circles
correspond to the inner and outer capillary diameter.

position for any possible focus position can be determined. This result is shown
in Figure 3, which describes the positional corrections, at a series of locations,
that must be applied in order to focus on the inside surface of the capillary. The
two large green circles correspond to the inner and outer diameter of the capil-
lary. The figure shows stage positions (red circles) that results in focus positions
(blue circles) that coincide with the inner surface, and hence the difference be-
tween each pair is the required positional correction. Not all desired focus posi-
tions are possible (according to the simulations), and hence the result is that the
figure does not provide the corrections for some positions on the sides of the ca-

pillary.

4. Results and Discussion

In this section, experimental results showing the fabrication of nanofoam are
presented. The laser focus was scanned starting on the bottom inside surface, up
one side, then the other side, then finally the top, to ensure that the laser light
would not have to propagate through the fabricated nanofoam at any point,
which would have introduced additional distortions. The objective here was to
develop a method for coating the maximum amount of the inside of the capillary
in nanofoam.

Since optical microscopes lacked the resolution to image the nanofoam and
suffer from refractive distortions similar to those discussed in Section 3, and
since scanning electron microcopy (SEM) only allows imaging the surface of
materials, nanofoam was generated along the last ~1 mm of the hollow capillary,
to allow observation of nanofoam at the end-face of the capillary using a SEM.

Figure 4 shows an SEM image of the cross-section of a hollow capillary, where
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Figure 3. Positional corrections, for a range of position, when focusing on
the inside surface of a hollow capillary, as a consequence of refraction. The
green circles correspond to the inner and outer diameter of the capillary.

nanofoam has been fabricated along the nearest ~1 mm of the inside of the ca-
pillary.

Analysis of the SEM images show that nanofoam has been fabricated for ap-
proximately £40 degrees on the top surface, £80 degrees on bottom surface, and
hence leaving ~60 degrees uncoated on each side (a total of ~70% coverage
therefore). As shown in Figure 4, a small “flake” of nanofoam is present on one
side of the inner surface, which we believe had been dislodged from the upper
surface. As discussed in Section 3, calculations indicate that some positions are
not possible to form nanofoam, particularly the side walls, and this is evident in
the experimental data. The nanofoam itself is not formed to the same extent
across the internal surface, and some regions have up to ten times the height
compared to other adjacent positions. We attribute this to a combination of the
following three reasons. Firstly, any topological imperfections in the capillary,
including damage and debris, would result in refractive effects leading to unin-
tended changes to the focus size and position, hence modifying the total volume
of nanofoam that was fabricated at that specific position. Secondly, the angular
distribution (with respect to the direction of the incident laser pulses) of the high
temperature jets of material that form the nanofoam is not known. For a planar
substrate, the particular distribution is not important, as the effect is averaged
out. For the case presented here, the distribution is extremely important, as the

angle of the surface with respect to the direction of the incident laser pulses is
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Figure 4. SEM image of nanofoam that has been fabricated along the inside
of a hollow capillary, for the ~1 mm nearest to the viewer. The laser pulse
was incident from the top of the capillary in this orientation during fabrica-
tion. The dashed circle shows the location of a flake that has been displaced.

not constant. For example, if the volume of material ejected in the direction
perpendicular to the incident laser pulses is different to that ejected from the
parallel direction, the volume of fabricated nanofoam will not be constant over
all positions on the inner surface. This effect could be compounded due to the
plasma being constrained within a restricted geometry. Thirdly, and probably
most significant, the result shows the need for a more sophisticated understand-
ing of the refractive effects. The positional offsets were determined by attempt-
ing to correct the effects of refraction. Whilst these corrections enable the focus
to follow the inner surface, the size of the focus was not taken into account. For
example, towards the sides, even though the focus is positioned on the inner
surface, the focus size is much larger and the intensity is therefore reduced. This
has two direct consequences, namely that the intensity is reduced resulting in a
lower volume of nanofoam, and secondly, the spatial overlap of the pulses is now
changed from the optimal values of a ~3 um diameter beam separated by ~5 pm.
As shown in previous work [11], changes to the spatial overlap have significant
effects on the volume of nanofoam produced.

Figure 5 shows some regions of the nanofoam fabricated in Figure 4 at a
higher imaging magnification, to illustrate the intricate structure that forms the
basis for the nanofoam fabricated by this method. As shown in the figure, the
interconnected nanowires that form the nanofoam are typically of diameter 200
nm and smaller. The fabricated nanofoam has considerable variation in terms of
its structure and overall shape, for example, Part d) shows a region of nanofoam
with a height of ~150 pum.

5. Conclusion

In conclusion, we have demonstrated the laser-based fabrication of nanofoam
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Figure 5. SEM images that highlight the intrictate structures that form the

basis for fabricated nanofoam.

inside a hollow glass capillary, by taking into account positional corrections that
occur as a consequence of refraction of the laser pulses at the curved surfaces.
Coverage of ~70% of the inside of the inner surface of a capillary was achieved.
The results show that further refinement of this technique is needed in order to
increase the total percentage fill of nanofoam produced. This could be achieved,
for example, through the use of smaller capillaries, a higher laser fluence, or via
multiple laser beams. This work may have potential across a wide range of ap-

plications, such as microstructured optical fibres and filtration devices.
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