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Abstract
High-repetition-rate femtosecond lasers enable the precise production of
nanofoam from a wide range of materials. Here, the laser-based fabrication of
nanofoam from silicon, borosilicate glass, soda-lime glass, gallium lanthanum
sulphide and lithium niobate is demonstrated, where the pore size of the
nanofoam is shown to depend strongly on the material used, such that the
pore width and nanofibre width appear to increase with density and thermal
expansion coefficient of the material. In addition, the patterning of nanofoam
on a glass slide, with fabricated pattern pixel resolution of ~35 µm, is demonstrated.
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1. Introduction
A class of porous nanostructured materials, known as nanofoams [1] [2] [3], can
be made via a variety of methods, such as laser ablation [4] [5] [6]. Laser-based
nanofoam fabrication offers the potential for control over the precise location at
which the nanofoam is generated. Such fabrication generally involves using a laser operating at a high repetition rate (usually at least ~kHz) delivering femtosecond pulses onto the surface of a material [7]. Upon incidence on the material,
the laser pulses can undergo nonlinear absorption, leading to the generation of a
plasma via multiphoton ionization and subsequent avalanche ionization [4] [8]
[9] [10]. The high number of ultra-short pulses incident on one area of the material, in a short enough time, can lead to the build-up of thermal energy causing
the surrounding material to melt [11]-[16]. During this process, molten droplets
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and jets of materials are ejected [4] [14], which, due to their small size, cool rapidly and solidify to form nanofibres that can intertwine to form nanofoam [17].
The volume of the nanofoam, the pore size, and nanofibre width, can depend on
fabrication parameters such as the speed of translation of the sample beneath the
incident laser beam and the focal conditions of the laser [18].
Such fibrous nanostructures have received great interest recently, owing to
their optical and mechanical properties. Potential applications include subwavelength-diameter glass wires for microscale photonic devices [19] and evanescent
nanosensors [20], nanoscale fibres for advancing silicon photonics [21], and polymer nanofibres for biomedical applications such as tissue templates [22].
Previous work in this research area includes conductivity measurements of
carbon nanofoam [7], 8 MHz fabrication from individual regions in silica [23],
the dependence of nanofoam fabrication on depth in glass [18], the structure of
As2S3 nanofibers [5], and a discussion of the likely mechanism for nanofoam fabrication [4]. Here, for the first time, by comparingnanofoam from a range of
materials, we show how the fabricated nanofoam depends on several of the material parameters, and we also demonstrate a method for the patterning of the
fabricated nanofoam.
Here, we use ~150 fs duration laser pulses to fabricate nanofoam from silicon
(a common material used in electronics and mid-IR photonics) [6] [24], silica-based glass (used in a wide range of photonics applications) [25], gallium
lanthanum sulphide, also known as GLS (a material used in active and passive
infrared applications) [26], and lithium niobate (a ferroelectric material used in
nonlinear optical applications) [27] [28]. We also demonstrate the ability to fabricate patterned regions of nanofoam on a borosilicate glassslide.

2. Experimental Setup
The laser-based fabrication of nanofoam generally requires the raster-scanning
of a focussed laser spot across the material surface. The laser pulse energy, laser
focus spot size, the spacing between adjacent raster-scanned lines and the
raster-scan line speed are all parameters that can be optimized for the fabrication
process. Figure 1 shows a schematic of the experimental setup used for nanofoam fabrication, while Table 1 contains the key laser parameters used in the
experiment.
Ultrashort pulses of ~150 fs duration and central wavelength of 800 nm, from
an ultrafast Ti: sapphire laser system operating at a repetition rate of 250 kHz,
delivering an energy of ~4 µJ per pulse, were used to fabricate the nanofoam.
The laser pulses passed through a computer-controlled shutter and a 4 mm diameter circular aperture, to convert a Gaussian spatial intensity into one that
closely resembled a top-hat spatial intensity. Subsequently, the pulses were demagnified using a 50× microscope objective lens (Nikon LU Plan, NA = 0.55)
and imaged to a beam diameter of ~4 µm on the surface of a material, which resulted in a laser pulse energy density of ~ 15 J·cm−2 at the surface of the material.
DOI: 10.4236/msa.2019.103015
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Figure 1. Schematic of the experimental setup for fabrication of nanofoam on the surface of a material.
Table 1. Table displaying the key laser parameters.
Repetition Rate (kHz)

250

Pulse width (fs)

~150

Central wavelength (nm)

800

Beam spot size at surface (µm)

~4

Laser fluence (J·cm )

15

Scanning speed (mm·s−1)

1

Raster-scan line separation (µm)

5

−2

The materials were mounted on a 3-axis stage that was computer controlled to
allow automated raster-scan translation of the material, hence effectively scanning the laser focus along the surface of the material. This enabled the fabrication of individual lines of nanofoam to form a contiguous region of nanofoam,
as described in previous work [18].
For consistency, we used a raster-scan line speed of 1 mm·s−1 and raster-scan
line separation of 5 μm for all materials, where the lateral dimensions of the fabricated nanofoam was on the order of a few hundred microns. Five different
materials, namely silicon, borosilicate glass, sodalime glass, GLS and lithium
niobate were investigated.

3. Results and Discussion
In this experimental section, results from each of the five materials are presented
in Sections 3.1 to 3.5. In each case, a low-resolution and high-resolution scanning electron microscope (SEM) image is presented, along with analysis of the
nanofoam parameters. Here, the pore size and the nanofibre width were calculated directly from the high-resolution images by using image analysis software
to measure the mean width over 10 positions. A comparison is presented in Section 3.6, and results for high-precision patterning are shown in Section 3.7. Laser
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and raster-scan parameters were constant for all materials, and hence a direct
comparison can be made.

3.1. Silicon
The nanofoam fabricated from the polished surface of a p-type (100) silicon wafer is highlighted in the SEM image shown in Figure 2(a). Fragments of coalesced material and nanofibers are visible up to a few hundred microns away
from the nanofoam block, demonstrating how far the ablated material can be
ejected. Although from the image in Figure 2(a), the nanofoam block appears to
be anamalgamation of material, as seen from a highermagnification image of the
nanofoam (Figure 2(b)), the width of the fibres that make up the nanofoam are
~90 nm wide and the average pore size is ~1.1 micron in width.

3.2. Borosilicate Glass
Under the same conditions as the fabrication of silicon, a square region of borosilicate nanofoam was fabricated from a borosilicate glass slide (BK7, 75 × 25 ×
0.7 mm). An SEM image of the nanofoam region is presented in Figure 3(a). In
this case there is less visible ejection of material outside of the ablated region,
and, in particular, far fewer filamentary structures are present. The ejected material instead takes the form of very small particles with occasional larger clumps.
Determined from the higher magnification image in Figure 3(b), an average
nanofibrewidth of ~120 nm was calculated, and an average pore width of ~1.2
microns was calculated.

3.3. Soda Lime Glass
To provide a comparison for a different type of silica glass, nanofoam was fabricated from soda lime glass, which in this work was in the form of a coverslip
(24 × 50 × 0.16 mm). The nanofoam produced was visually different from those
produced from the borosilicate glass. From Figure 4(a), the average pore size of

Figure 2. SEM images of the silicon nanofoam showing (a) the 0.45 mm by 0.45 mm total
area and (b) higher magnification detail of the nanofoam fibres.
DOI: 10.4236/msa.2019.103015
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Figure 3. SEM images of the borosilicate nanofoam showing (a) the 0.3 mm by 0.3 mm
total area and (b) higher magnification detail of the nanofoam fibres.

Figure 4. SEM images of the soda-lime nanofoam showing (a) the presence of beads of
material at the end of the nanofibers, and (b) higher magnification detail for single nanofibers.

~2.3 µm and nanofiber width of ~300 nm is shown.

3.4. Gallium Lanthanum Sulphide
From the SEM image shown in Figure 5(a), it is evident that the nanofoam
structure produced average pore size of ~2.3 µm and nanofiber width of ~300
nm. Using a scalpel to dig into the nanofoam volume and drag the nanofoam, it
was also possible to stretch the nanofoam, which then remained in its deformed
position as shown in Figure 5(b).

3.5. Lithium Niobate
Compared to the other materials the nanofoam produced via the ablation of
lithium niobate was produced away from the ablation area, and not in the location of laser irradiation, as shown in Figure 6(a). The nanofoam appears to have
been generated up to ~1 mm away from the laser irradiatedregion. There also
DOI: 10.4236/msa.2019.103015
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Figure 5. High resolution SEM images of the GLS nanofoam showing (a) nanofoam detail and (b) the ability to mechanically deform the nanofoam.

Figure 6. SEM images of the lithium niobate nanofoam showing (a) the 0.25 mm by 0.25
mm total area and (b) higher magnification detail of the nanofoam fibres, outside the laser irradiated region, where in general the nanofibers are orientated in the preferential
direction.

appears to be a directionality to the nanofibres of the foam. The average nanofibre width was ~750 nm and the average pore width was ~7 µm.

3.6. Comparison for the Materials
Table 2 shows a comparison between the nanofoam materials fabricated, for the
average pore width and the average nanofiber width, as measured from the SEM
images in Sections 3.1 to 3.5. The results indicate a correlation between average
pore width and nanofibre width.
This correlation can be seen clearly from the plot in Figure 7(a), which shows
average pore width versus average nanofibre width. Plotted in Figure 7(b) are
the average pore width and average nanofibre width as a function of bulk material density. In this plot the trend shows that increasing density increases average
pore width and nanofibre width. A similar increasing trend in average pore
width and nanofibre width is also observed with increasing thermal expansion
DOI: 10.4236/msa.2019.103015
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Table 2. Table displaying the approximate avarage pore width and approximate nanofibre width of the nanofoams produced from the different materials.
Material

Average pore width (µm)

Average nanofibre width (nm)

Silicon

1.1

90

Borosilicate Glass

1.2

120

Soda Lime Glass

4.88

340

GLS

2.3

300

Lithium Niobate

7

750

Figure 7. (a) Average pore width as a function of nanofibre width from the nanofoams
produced in this work. Average pore width and average nanofibre width as a function of
(b) density of the bulk material and (c) thermal expansion coefficient of the material.
Values of density and thermal expansion coefficient at 25˚C obtained from [29] [30] [31]
[32].

coefficient, as shown Figure 7(c). These trends are perhaps understandable owing to less dense material being more easily ablated with material having more
energy and travelling further from the material, thus creating larger pores. Likewise, ejected melted material that expands faster due to a higher thermal expansion would likely lead to larger pores.

3.7. Nanofoam Patterning
In order to demonstrate the versatility of the fabrication method and potential
applications, we chose to produce patterned areas of nanofoam. For this demonstration, the computer-controlled shutter was automatically opened and closed,
whilst the laser focus was continually raster-scanned over the surface of the material, in order to laser irradiate the intended pattern. The size of the patterns
was chosen as a balance between minimum time of fabrication and maximum
possible resolution for potential imaging using a smart phone camera, for example. The patterns chosen for the nanofoam fabrication were a wheel and a QR
code, where the designs were implemented by the automated stages via Matlab
and LabVIEW. Both patterns were fabricated on a borosilicate glass slide, each
over 2 mm × 2 mm square area. For proof of principle and ease of machining in
straight lines, the patterns were chosen to be formed of square pixels. Each pixel
on the 32 pixel × 32 pixel wheel image corresponded to a 65 µm × 65 µm machined area, and each pixel on the 16 pixel × 16 pixel QR code corresponded to a
patterned pixel of 35 µm × 35 µm machined area.
An SEM image of the wheel pattern is shown in Figure 8(a), where the white
DOI: 10.4236/msa.2019.103015
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Figure 8. Demonstration of patterned nanofoam, showing (a) an SEM image of a wheel
pattern and (b) a microscope image of a QR code.

parts of the image correspond to the regions of nanofoam. The white smearing
in the image is a result of imaging nanofoam formed from ablated material that
has been carried in the air that flows in a specific direction over the sample, due
to the air conditioning in the laboratory. An optical microscope image of the
nanofoam QR code is shown in Figure 8(b), where regions of nanofoam appear
as grey, and the non-ablated glass as white. Inset to both figures is the monochrome bitmap pattern loaded into the Matlab and LabVIEW program.

4. Conclusion
In conclusion, we have demonstrated that femtosecond ablation can be used to
fabricate nanofoam from a range of materials, where the porosity of the nanofoam and the width of the wires were shown to be dependent on the particular
material. More specifically, the pore width and nanofibre width appeared to increase with density and thermal expansion coefficient of the material. Upon
demonstration of the fabrication of patterned nanofoam, including a QR code of
glass nanofoam, we found that we were able to successfully fabricate patterns of
several hundred microns wide with a machined pattern pixel area of size 35 µm ×
35 µm. Further work will focus on the optimisation of the size and structure of
the nanofoam via machine learning [33].
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