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Abstract: Optically transparent materials are being found in an ever-increasing array of technological
applications within industries, such as automotive and communications. These industries are
beginning to realize the importance of implementing surface engineering techniques to enhance the
surface properties of materials. On account of the importance of surface engineering, this paper
details the use of a relatively inexpensive diode-pumped solid state (DPSS) Nd:YVO4 laser to modify
the surfaces of fused silica glass, diamond, and sapphire on a micrometre scale. Using threshold
fluence analysis, it was identified that, for this particular laser system, the threshold fluence for
diamond and sapphire ranged between 10 Jcm−2 and 35 Jcm−2 for a laser wavelength of 355 nm,
dependent on the cumulative effects arising from the number of incident pulses. Through optical
microscopy and scanning electron microscopy, it was found that the quality of processing resulting
from the Nd:YVO4 laser varied with each of the materials. For fused silica glass, considerable
cracking and deformation occurred. For sapphire, good quality features were produced, albeit with
the formation of debris, indicating the requirement for post-processing to remove the observed debris.
The diamond material gave rise to the best quality results, with extremely well defined micrometre
features and minimal debris formation, comparative to alternative techniques such as femtosecond
laser surface engineering.

Keywords: micromachining; laser surface engineering; optically transparent materials; threshold
fluence; diamond; sapphire; fused silica glass

1. Introduction

Surface engineering holds the key to enhance surface properties. On account of this,
research into surface engineering techniques [1–3], such as plasma surface treatment [4–7],
micro/nano printing [8–10], and ion/electron beam processing [11–14], is becoming in-
creasingly significant. Having said that, a number of these surface techniques can be costly
and require considerable human interaction in the form of pre- and post-processing. Laser
surface engineering, on the other hand, is a non-contact method that allows one to easily
process the surfaces of many materials [3,15–18]. This enables the modification of topogra-
phy and surface chemistry simultaneously, often requiring minimal post-processing. This
is important for the automotive, biomedical, electronic, and communications industries,
which require new technologies to lower costs and increase profit margins.

Optically transparent materials such as glass, diamond, and sapphire are frequently
used in automotive [19], fine jewelry [20], and communications [21] industries. In the com-
munications industry, for example, surface processing of optically transparent materials
enables gratings to be etched both into the surface and into the bulk of the material so
as to produce waveguide technologies [22,23]. Furthermore, the processing of optically
transparent materials with lasers has been seen to have a significant application to microflu-
idics [24] and lab-on-a-chip devices [25]. It should also be noted that there is significant
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interest in the prediction and prevention of damage in optically transparent materials with
regards to laser applications [18,26,27].

Considerable research on the processing of optically transparent materials has been
carried out with femtosecond lasers [22–25,28–32]. While femtosecond lasers can be argued
to be superior for many applications, they are costly, with regards to both capital and
running costs, compared with competing laser technologies. What is more, the prevalence
of femtosecond lasers means that some researchers and industrialists may have overlooked
competing laser types such as ns pulsed Nd:YAG and Nd:YVO4 lasers. This paper details
the use of a relatively inexpensive Nd:YVO4 ns pulsed laser for surface engineering fused
silica glass, diamond, and sapphire. The use of an Nd:YVO4 laser is investigated with
regards to its efficacy for micrometre scale surface modification and includes discussions
about the etch quality. Furthermore, the effects of the pulse number are discussed in
addition to the determination and discussion of the threshold fluences required to process
the optically transparent materials.

2. Materials and Methods
2.1. Materials

The materials used within the experimentations were fused silica glass, sapphire, and
diamond (Goodfellow Cambridge Ltd., Cambridgeshire, UK, and Diamond Materials Ltd.,
Freiburg, Germany). The fused silica glass had dimensions of 75 mm × 25 mm with a
thickness of 1.92 mm. The sapphire had dimensions of 45 mm × 25 mm with a thickness of
0.46 mm. The diamond had dimensions of 45 mm × 25 mm, with a thickness of 0.54 mm.

2.2. Laser Materials Processing

A frequency tripled 355 nm wavelength diode-pumped solid state (DPSS) Nd:YVO4
laser (AOT-YVO-3Q; AOT Ltd.; UK) was selected to laser surface engineer the surfaces
of the materials mentioned in Section 2.1. To achieve a large enough fluence to process
the three materials (fused silica glass, diamond, and sapphire), a Geltech Molded Glass
Aspheric Lens was used with a focal length of 15.29 mm and a numerical aperture of 0.16,
producing a beam spot diameter, ω, of approximately 1 µm on the surface of the materials.
This was calculated using the Gaussian beam spot size equation given in Equation (1).

2ω =
f λ

πω0
(1)

where f is the focal length of the lens, λ is the laser wavelength, and ω0 is the spot diameter
of the beam at the lens. It should also be noted here that the lens and laser system gave rise
to a percentage loss of 29% and were taken into account for all of the fluence calculations.

The system was set-up such that direct write modification (see Figure 1) could take
place for all materials using an x−y−z stage to enable accurate movements within 10 µm.
To give flexibility during the experimentation, Labview and a Bayonet Neill–Concelman
(BNC) computer adapter was used so the duty cycle, pulse number, and pulse repetition
frequency (PRF) of the laser could be varied.

An array of laser-modified sites were produced on each sample by varying the pump-
ing diode current of the laser between 3A–4A at a pulse repetition frequency (prf) of 5 kHz
and a pulse duration of 1.3 ns. This directly varied the average power resulting in fluences
between 11 Jcm−2 and 74 Jcm−2 being achieved, respectively. This gave rise to irradiances
ranging between 24 GWcm−2–106 GWcm−2. In addition to this, a single process line was
irradiated to qualitatively assess the laser processing of the optically transparent materials
over a 3 cm distance. For the single process line engineered into the materials, a fluence of
50 Jcm−2, a repetition rate of 5 kHz, and a sample traverse speed of 100 mms−1 were used.
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Figure 1. Setup for the direct write modification of the surface of the transparent materials.

2.3. Analytical Techniques

Optical microscopy and scanning electron microscopy (SEM) were used to analyse the
laser processed sites on each of the materials studied. A Leica DM/LM optical microscope
was used to visually inspect the substrate surface. In order to gain a more detailed obser-
vation of the surface laser-modified sites for the three various materials, images where
taken using a Zeiss Evo 60 (SEM). To determine the absorption characteristics for each
sample material, a UV/VIS spectrometer (QE-PRO, Ocean Optics Inc., Dunedin, FL, USA)
was used.

3. Results and Discussion
3.1. UV/Vis Absorption Characteristics of the Optically Transparent Materials

The energy per emitted photon of the laser was 3.49 eV (λ = 355 nm). Comparing
this to values for the band gap of each material (fused silica glass ~7 eV [25], sapphire
~9 eV [26], and diamond 5.5 eV [27]), it can be seen that the energy per photon was too low
for single photon excitation. As a result, it is known that multi-photon absorption [28] can
take place at the 355 nm wavelength [29] and offers an explanation as to how and why the
laser light gave rise to the laser-induced modification observed.

The UV/VIS spectra were taken for the three different materials and can be seen in
Figure 2. Figure 2 shows the proportion of light reflected (from the surface), transmitted
through, and absorbed by each material. The optical band-gap was approximated using a
Tauc plot. For diamond, this matched the literature value well, whereas for the other two
materials, sapphire and fused silica glass, they did not. The value quoted above, ~7 eV, for
fused silica glass, for example, would relate to a short-wavelength cut-off of 177 nm. For
both the sapphire and the fused silica glass, the values from the Tauc plot (see Figure 2) are
likely an artefact due to the limitations of the spectrometer, which cut off at ~200 nm, and
exhibited increased noise around the detector limit. This observed noise likely impacted
the results around this 200 nm cut-off, giving rise to the reduced band-gap values obtained
when compared with the literature.
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3.2. Laser Surface Modification of the Optically Transparent Materials

Figures 3–5 show the optical micrographs and scanning electron microscope (SEM)
micrographs of the fused silica glass, diamond, and sapphire, respectively, that were
subjected to the Nd:YVO4 laser surface engineering. Each sample was modified at a single
point, the advantage of which was the identification of the deformation mechanisms, such
as the melt and fracturing, that occurred with the laser-material interaction. By varying
the number of pulses, it was possible to better understand these surface phenomena.
The SEM micrograph of fused silica glass, shown in Figure 3b, highlights that significant
cracking arose from the laser−material interaction after 10 pulses with a fluence of 72 Jcm−2.
Figure 3a,b also shows cracking of the fused silica glass, arising from the laser processing.
It should be noted that on account of the cracking, while the laser material processing took
place, the areas of the laser-surface modified regions could not be precisely determined
with sufficient certainty for the fused silica glass.

Figures 4a and 5a allow one to visualize the laser-modified sites on the diamond and
sapphire, respectively. Furthermore, Figures 4b and 5b show the laser-modified sites for the
diamond and sapphire, respectively, processed with 10 pulses. The laser-modified site on
sapphire (see Figure 5b), which was exposed to 10 pulses, appeared like a solidified molten
material, indicating that the sapphire sample could turn molten before being ejected. It
should also be noted here that the SEM of the laser processed sapphire allowed for some
deposited material to be observed around the laser-modified site, allowing one to see that
high resulting pressures could eject material to the surrounding area of the laser-modified
site. It has been observed that the surface modification of diamond at low pulse numbers,
as shown in Figure 4b, gave very interesting results. That is, the laser-modified diamond
site seemed to have a graphitised structure, indicating that a process of graphitisation
may occur prior to any material being removed, making the laser-modified site more
absorbent to the laser light. The process of graphitisation during laser processing has been
well-documented previously [33–36]. On account of this, from previous research and the
observations made during these investigations, it is highly likely that the graphitisation
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during laser surface engineering gave rise to an enhanced laser−material interaction. This
is especially relevant considering that graphitisation is well known to modify the optical
properties of diamond materials [33,34], making the material more absorbing of incident
laser light with ultraviolet (UV) [33], visible, and near-infrared (nIR) [34] wavelengths. This
is significant, as an enhanced absorption of laser light during laser material processing
could be attractive to industry, as it could lead to a more optimized surface modification
technique for diamond materials.

Figures 3c, 4c and 5c show the SEM micrographs of the laser surface modified fused
silica glass, diamond, and sapphire, respectively, processed with 50,000 pulses and a fluence
of 72 Jcm−2. Figure 3c indicates that cracking of the fused silica glass also arose at high laser
pulse numbers, allowing one to realise that the quality of any features induced into this
material, using this particular laser system, would be poor in quality and less defined than
in the other two materials. Deposited material around the laser-modified fused silica glass
(see Figure 4c) was also present; however, the amount of deposited material observed was
considerably lower than the deposited material observed surrounding the laser-modified
site of the sapphire shown in Figure 5c. Even though more laser processing debris was
observed for the sapphire, there was no visible cracking in the sapphire (see Figure 5). The
deposited material for the sapphire, as shown in Figure 5c, was seen to be made up of
relatively fine grains of material removed from the laser-modified site in comparison with
that observed for the other two materials. This could be accounted for by the band-gap
of sapphire (~9 eV), which is much wider compared with the other materials. Such a
large band-gap means that sapphire is somewhat transparent for wavelengths between
approximately 0.3 µm to 4 µm [37,38], and gives rise to the laser beam focussing slightly
below the surface of the sapphire. This, along with the mechanical properties of sapphire,
is believed to have given rise to the finer grains of deposited material. What is more, the
area covered with the deposited material was relatively large, indicating that the pressures
resulting from the laser processing could potentially be very large. It should be noted,
however, that it may be possible that liquid became part of the ablation process, arising
from the laser material interaction. As such, it would be necessary to carry out further
specific ablation plasma studies in order to fully define the ablation phenomena process.

The SEM micrographs, given in Figure 4b,c, show that the Nd:YVO4 laser enabled
considerably clean micro-processing of diamond to take place, resulting in minimal de-
posited material around the laser-modified site. In addition to this, fringes on the walls
of the laser processed diamond site, which can be seen in Figure 4c, were likely to be a
result of the internal composition of the diamond, giving rise to a laser−material inter-
action that brought about this phenomenon. In comparison with the other materials (see
Figures 3 and 5), it is possible to see from Figure 4 that the Nd:YVO4 laser possessed the
ability to achieve high quality micrometre features on the surface of the diamond materials.
The variations in the observed deposited material for the glass, sapphire, and diamond is
likely owed to the differing optical properties. That is, the glass readily absorbed a portion
of the 355 nm light where diamond and sapphire did not, as they have higher refractive
indices compared with the glass. This means that a higher incident energy is required to
meet the threshold for the ablation for both sapphire and diamond. Leading on from this,
with the sapphire being less hard compared with the diamond, in terms of mechanical
properties, and along with the optical properties based on the large band-gap discussed
previously, the sapphire was likely to be less able to withstand the pressures caused by the
laser−material interaction, giving rise to the observed finer deposited grains around the
laser processed site.
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3.3. Threshold Fluence

Figure 3a, Figure 4a, and Figure 5a show that during the experimentations, the laser-
modified sites were larger with more pulses applied for a given fluence. This indicated that
the micro-processing of the various optically transparent materials was due to accumulative
modification. The optical micrographs shown in Figure 3a, Figure 4a, and Figure 5a show
the arrays of laser-modified sites, such that the columns of the sites correlated to the
different fluences implemented. Therefore, the right hand column of the laser-modified
sites for each of the three micrographs were all processed sites carried out with a fluence
of approximately 72 Jcm−2. The rows of the laser-modified sites were correlated to the
number of pulses applied to the sample with the top row of each image, being the maximum
amount of pulses of 50,000. In order to determine the threshold fluence for each of the
materials with the specified pulse numbers, Equation (2) was implemented.

D2 = 2ω2ln
(

F0

Fth

)
(2)

where D is the modified area, ω is the laser focused beam radius at the surface of the
material, F0 is the fluence at the surface of the material, and Fth is the threshold fluence for
the material. With D being an important factor to calculate the threshold fluence, it should
be noted that, as discussed in Section 3.2, the Nd:YVO4 laser surface modification of the
fused silica glass gave rise to cracking and deformation of the laser-modified sites. As a
result of this, the laser-modified site dimensions, to calculate the area, were considerably
variable, which made the determination of the laser-modified sites for the fused silica glass
unobtainable. However, for the sapphire and diamond materials, the area for the laser-
modified sites could be accurately measured and compared, as cracking and deformation
during the laser processing was not an issue with these materials. From Figure 4, one can see
that the laser-modified sites differed slightly, with the smallest diamond laser-modified site
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being 2 × 2.8 µm for 1 pulse at a fluence of 40 Jcm−2. The smallest sapphire laser-modified
site (see Figure 5) was observed to be 2.8 × 4 µm for 10 pulses at a fluence of 40 Jcm−2. The
largest laser-modified sites observed both at 50,000 pulses at a fluence of approximately
72 Jcm−2 for diamond and sapphire were 6.7 × 14.1 µm and 6.7 × 7.4 µm, respectively.

Figure 6 shows that the dimensions of the laser-modified sites varied with pulse
number, such that they tended towards a constant as the pulse number was increased.
These constant laser-modified site areas were seen to decrease as the fluence was reduced,
due to the laser-modified sites becoming smaller. As the surface laser-modified sites for
the diamond and sapphire were of a relatively good quality, it was also possible to derive
graphs in coordination with Equation (2) in order to derive the threshold fluences for each
number of pulses applied, as seen in Figure 7. The threshold fluences, derived using the
graphs in Figure 7, are given in Figure 8 and show a dependency of the threshold fluence
on the number of incident pulses.
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Figure 8. Graphs showing the surface average threshold fluence as a function of pulse number for (a)
diamond and (b) sapphire.

It can be seen from Figure 8 that the average threshold fluence for both diamond
(Figure 8a) and sapphire (Figure 8b) varied, such that the threshold fluence reduced
dramatically between low pulse numbers of 1 to 1000 pulses. For pulse numbers greater
than 1000 pulses, the average threshold fluence tended towards a minimum constant
fluence. At 10 pulses or less, the threshold fluence was approximately double that for the
diamond material when compared with the sapphire material. Above 10 pulses, it was
noted that the threshold fluences for both the diamond and sapphire materials were
equivalent and could be explained by the accumulative effect of using multiple pulses. It
should be noted here that the maximum average threshold fluence determined for diamond
was larger than for sapphire, because this was the threshold fluence for one pulse where
there was no observation of any laser-modified site occurring for one pulse for the sapphire
sample. This is likely due to light scattering, which widened the absorption range within
the material, reducing the effectiveness of single pulses.

3.4. Nd:YVO4 Laser Processed Line Profiles

Over the three materials (fused silica glass, sapphire, and diamond), the quality of the
surface modification following Nd:YVO4 laser surface engineering varied dramatically. In
addition to single processed sites, laser processed line profiles, on a micrometre scale, were
induced to further ascertain the quality of processing in the three different materials. The
micrographs of the laser-processed lines can be seen in Figure 9.
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As seen from Figure 9, the quality of the surface modification for fused silica glass
using the Nd:YVO4 laser was not as well defined in comparison with that of the sapphire
and diamond. From Figure 9a, similar to the laser-modified point sites discussed in
Section 3.2, one can see that the induced laser processing led to cracking and deformation
of the fused silica glass sample, resulting in a surface modification that could not be
predicted or repeated accurately. The diamond and sapphire micrographs, shown in
Figure 9b,c, indicated that the Nd:YVO4 laser had the ability to process these materials
with a better quality, such that there was minimal cracking and minimal distortion of the
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laser-modified sites. In some instances, it was observed that the Nd:YVO4 laser elicited
peeling of the sapphire; however, this requires further future investigation. The diamond
gave the better result with regards to quality, due to the minimal visible cracking present
and minimal debris produced around the laser-modified sites. This would lead to one
presuming that fewer post-laser processing cleaning techniques would be required for
the diamond material as the fused silica glass and sapphire would likely require post-
processing to remove any deposited material following laser processing. This is significant,
as many industries try to limit the amount of post-processing techniques to optimize cost
savings and reduce lead times.

In comparison with competing techniques such as the implementation of femtosecond
lasers to modify the surfaces of optically transparent materials [22,30,39,40], the imple-
mentation of the DPSS Nd:YVO4 laser for the surface processing of optically transparent
materials gave rise to similar results for that seen with micro-machining using femtosecond
lasers [24], especially with regards to the processing of diamond (see Figures 5 and 9). Hav-
ing said that, it is important to note that the processing of fused silica glass and sapphire
gave rise to a processing quality that was qualitatively worse with the Nd:YVO4 laser than
what has been seen with femtosecond lasers. In addition, it is highly unlikely that the
Nd:YVO4 laser could be optimized to give rise to nano-machining, which is one of the
major strengths of femtosecond laser material processing systems [25,28,30]. However,
owing to the comparatively lower capital costs and good quality features induced in the
diamond material, this work does highlight the potential attractiveness of implementing
such a laser system in industry for specific micrometre scale applications.

4. Conclusions

By implementing a relatively inexpensive, frequency tripled 355 nm Nd:YVO4 laser,
the surfaces of three optically transparent materials, namely fused silica glass, diamond,
and sapphire, have been successfully modified. By varying the incident fluence between
11 Jcm−2 and 74 Jcm−2 and the incident pulse number between 10 and 50,000 pulses on
the optically transparent materials, it was found that surface modifications of a differing
quality arose. On the fused silica glass, it was found that considerable cracking and
deformation resulted from the laser−material, interaction resulting in an unpredictable
and unrepeatable material processing technique. With regards to the diamond and sapphire
materials, the Nd:YVO4 laser gave rise to a better quality, repeatable processing technique
leading to the development of micrometre-scale features on the surface. On account of
this, the areas of the laser-modified sites could be determined in order to ascertain that the
threshold fluences for the diamond and sapphire ranged between 10 Jcm−2 and 35 Jcm−2,
dependent on the cumulative effects arising from the number of incident pulses. Owing to
the better processing quality and the lack of formation of debris on the surface following
Nd:YVO4 laser surface modification, the diamond material gave rise to the most optimized
results. On account of this particular laser being up to an order of magnitude cheaper
than competing laser systems, such as femtosecond lasers, this work has shown that for
materials such as diamond, an Nd:YVO4 laser can be implemented to modify the surfaces
of these materials with competitive results in terms of quality.
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