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Abstract: Responses of two types of single-crystal diamonds, prepared by chemical vapour
deposition (CVD) and high pressure high temperature synthesis (HPHT) methods, respectively, to a
nanosecond pulsed neodymium-doped yttrium aluminium garnet (Nd:YAG) laser were investigated
and compared. It was found that due to the difference in the transmission rate and refractive index, the
laser-induced surface/subsurface features of the two types of samples were distinctly different. For
the CVD sample, destructive interference takes place on the upper surface, leading to direct ablation
of smooth grooves with deposition of graphite. For the HPHT sample, however, laser-induced
grooves were formed on the reverse side of the irradiation surface (namely, the lower surface) at
certain laser fluences due to the constructive interference phenomenon of the laser and the high
refractive index of the material. The reverse-side irradiation resulted in the formation of deep and
sharp grooves with rough bottoms and insignificant deposition of graphite on the area surrounding
the groove. The machining thresholds for the upper and lower surfaces of both types of diamonds
were experimentally obtained and theoretically verified. The findings of this study provide important
process criteria for laser machining of different kinds of diamonds. The reverse-side irradiation
method enables efficient machining of deep grooves in diamonds using a lower power laser.

Keywords: single-crystal diamond; laser irradiation; micro machining; phase transformation;
graphitization; crystal defect

1. Introduction

Diamond is an important material having various applications, ranging from cutting tools to heat
spreaders in light emitting diodes (LEDs) [1,2], due to its remarkable hardness, thermal conductivity
and chemical inertness [3-5]. These properties, however, combined with its high brittle nature, make
diamond incredibly difficult to machine by conventional mechanical methods. Diamond cannot be
cut with a diamond tool, obviously. Grinding with a diamond wheel and polishing with diamond
abrasives are possible but extremely time-consuming, especially for micro groove channel fabrication.
Thus, discovering an efficient method to process diamond has been the goal of many interdisciplinary
studies. Recent investigations have shown that laser irradiation is one such method [6]. Irradiation
causes the appearance and continuous growth of a graphitized region at low fluences, which is easily
and rapidly ablated at higher fluences [7]. Some researchers have utilized this phenomenon to machine
graphitic wires in bulk diamond [8]. As a non-contact method, laser processing results in no tool wear
and has high geometrical freedom. Recent studies have found that different types of structures can be
machined. Through the use of short pulses, high precision and sharp profiles can be achieved [7,9], as
heat conduction into the bulk material is significantly reduced [10]. The machining of curved profiles
with micron-sized curvatures has also been shown to be possible by the use of femtosecond pulses and
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an accelerating beam [11]. In addition, laser irradiation was found to result in laser-induced periodic
surface structure on diamond film, explained by interference between the incident laser and surface
scattered wave [12,13]. In a previous study of the present authors, it was discovered that nanosecond
pulsed laser irradiation was also useable for microgrooving of diamond and produces four types of
groove formation mechanisms for chemical vapour deposition (CVD) diamond [14].

Artificial diamond is produced mainly by two methods, chemical vapour deposition (CVD)
and high pressure high temperature synthesis (HPHT). Different crystal growth methods may
result in different lattice structures and defect distributions. Diamond crystals grown by CVD are
bombarded by energetic particles during their synthesis, which results in the generation of different
irradiation-induced defect centres or neutral lattice vacancies. These are identifiable by electron
paramagnetic resonance (EPR). CVD diamond has several exclusive defect centres, labelled KUL3-6,
which are not detected in HPHT samples [15]. In addition, CVD diamond is known to contain
significant densities of hydrogen, oxygen, nitrogen, boron and silicon impurities. In contrast, HPHT
rarely contains silicon impurities but contains high levels (10~100 ppm) of nitrogen impurities, causing
it to appear yellow in colour [16]. The lattice structure also differs. CVD diamond contains a small
amount of sp2 bonds which can usually be detected as a peak between 1350 and 1600 cm~! in Raman
spectroscopy [17]. This peak is not observed in most HPHT diamond samples. The aforementioned
differences affect the diamond’s optical properties, which should affect the diamond’s responses to
laser irradiation and the machining phenomena. However, up to now, there is no available literature
on the laser irradiation characteristics of diamond crystals grown by different methods.

Thus, in this study, laser irradiation has been performed on two different types of diamonds, one
created by CVD and another created by HPHT synthesis. The difference in irradiation marks and
subsurface damage were observed, and the mechanisms which may have caused these differences were
considered. In doing so, the process criteria and optimal conditions for laser machining of diamond
can be established. This study is one of the first to investigate and compare, both experimentally and
theoretically, the laser irradiation characteristics of the two types of diamonds.

2. Materials and Methods

The experimental set-up is schematically shown in Figure 1. The laser used in the following
experiments was a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser pumped by a laser
diode, LR-SHG (low-repetition second harmonic generation), from MegaOpto Co., Ltd (Saitama, Japan).
It has a maximum power output of >1 W, a wavelength of 532 nm and a spot diameter of 85 pm.
The laser output energy has an approximate Gaussian distribution. The laser beam was controlled
using a galvanometer scanner system with a Miramo controller GMP-507005 made by Y-E Data Inc.
(Saitama, Japan). Laser motion programs were created using GmcLib.DLL 2.0 software provided by
Y-E Data Inc., and FFFTP (file transfer protocol) software developed by Sota & cooperators (Izumo,
Japan) was used to download these programs to the galvanometer scanner system. The laser beam
was focused onto a workpiece stage using an f-theta lens. The diamond sample was placed on a base
with an opening so that the lower surface of the diamond was not in contact with the stage surface.
The laser parameters used are shown in Table 1.

Table 1. Experimental laser parameters.

Parameters Value
Wavelength (nm) 532
Pulse width (ns) 15.6
Repetition frequency (kHz) 1
Power (mW) 450, 515, 560, 590, 625
Fluence on upper surface (J/cm?) 7.8,9.1,9.9,10.3, 11.0

Scanning speed (mm/s) 1
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The CVD diamond was a rectangular sample with dimensions of 4 x 3.5 x 1.10 £ 0.02 mm.
The HPHT diamond was also a rectangle, sized 3 x 3 x 1.10 & 0.02 mm. Both had flat, polished
surfaces and the irradiated surface was the (100) Miller surface (all the other faces also had an equivalent
crystal orientation). The surface roughness of these samples was Ra = 1.8 & 0.6 nm for the CVD sample
and Ra = 0.4 & 0.1 nm for the HPHT sample.

As the transparency of these materials is very important for laser processing, we measured
the transmission rate of each sample. Measurements were performed at four different locations on
the sample to ensure that they were similar and so that local disparities would not affect the results.
The transmission rate was obtained by measuring the raw laser power by a 3-sigma single-channel laser
power meter produced by Coherent Inc. (Santa Clara, CA, USA) followed by another measurement
with the diamond sample above the power meter, then taking the ratio of the two.

To detect the laser-induced phase transformation of diamond, Raman spectroscopy of the samples
before/after laser processing was performed by a laser micro-Raman spectroscope NRS-3100 (JASCO
Corporation, Tokyo, Japan). To remove the laser-induced debris, the samples were then cleaned
using a chemical cleaning process. The samples were placed in a solution of nitric, sulphuric and
perchloric acid (in a volume ratio of roughly 1:5:3) and heated to ~200 °C. After cleaning, they were
observed using the VHX-1000 optical digital microscope (Osaka, Japan) made by KEYENCE, the
Inspect S50 Scanning Electron Microscope (SEM) (Hillsboro, OR, USA) made by FEI Company for
higher magnifications, and the MP-3 laser probe made by Mitaka Kohki Co., Ltd. (Mitaka, Japan) to
measure groove depth.

Laser
Diamond . .
sample Groove aser scanning
direction
\4 formed
—
——
(100)
Base

Stage

Figure 1. Schematic of the experimental set-up.

3. Results

3.1. Groove Formation Behaviour

First, laser irradiation was performed on CVD diamond and the irradiated surfaces were examined.
Irradiating the CVD samples with a fluence of around 14.0 J/cm? caused sample breakage, so the
fluence was limited to below 11.5 J/cm?. Grooves were found only on the surface on which the laser
was incident (upper surface) and the bottom of the grooves was smooth, as presented in Figure 2a—e.

Next, laser irradiation was performed on the HPHT sample. The HPHT diamond could not
be machined with a laser fluence below 7.0 J/cm?. Interestingly, at fluences below 10.3 J/cm?, the
irradiation-induced grooves, as shown in Figure 2f-h, were found on the reverse side of the sample
surface that was being irradiated (lower surface), whereas no marks were found on the upper surface.
This phenomenon will be referred to as reverse irradiation in this paper. At fluences equal to or greater
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than 10.3 J/cm?, a groove was machined onto the upper surface on which the laser was incident
(referred to as forward irradiation), as presented in Figure 2i,j while no grooves were found on the
lower surface.

Laser fluence . .
CVD diamond HPHT diamond
(J/cm?)
Upper i Lower
7 surface surface
78
Upper Lower
surface surface
9.1
Upper : Lower
surface § surface
99
Upper (L Upper
surface surface
10.3
Upper
surface
11.0

Figure 2. SEM images of the grooves obtained by irradiating with varying laser fluences on the CVD
sample (a) 7.8 J/cm?; (b) 9.1 J/cm?; () 9.9 J/cm?; (d) 10.3 J/cm?; (e) 11.0 J/cm?; and on the HPHT
sample (f) 7.8 J/cm?; (g) 9.1]/cm?; (h) 9.9 J/cm?; (i) 10.3 ] /cm?; (j) 11.0J /cm?.
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The surfaces of the grooves were further compared in detail. The SEM images of Figure 3 indicate
similarities between the grooves formed on the upper surface of HPHT diamond and the grooves
on CVD diamond. They both possess a crack-free groove centre. On the other hand, Figure 4 shows
the rough, jagged surface of the grooves found on the lower surface of HPHT diamond. Thus, by
comparing Figures 3 and 4, the grooves obtained by forward and reverse irradiation are shown to be
clearly different.

Figure 3. SEM images of the bottom of the groove formed by forward irradiation of (a) the HPHT
sample and (b) the CVD sample at 10.3 ]/ cm?,

Figure 4. SEM images of the grooves formed by the reverse irradiation of the HPHT sample at a fluence
0f9.1]/cm? showing (a) the groove bottom; (b) at a larger magnification.

3.2. Groove Cross-Sectional Profile

The cross-sectional profiles of each groove were examined. As a general trend, groove depth
increases with laser fluence for both diamonds. For the grooves on the CVD sample, the cross-section
of the grooves represents a smooth curve as shown in Figure 5a. For the grooves on the HPHT sample,
shown by the cross-sectional profiles in Figure 5b,c, two different regimes can be observed. For the
grooves machined onto the lower surface at low laser fluences, the profiles were sharp and narrow
and possessed a slightly jagged structure at the groove bottom, whereas for the grooves machined
onto the upper surface at high fluences, a shallower smoother curve was obtained, similar to those
machined on the CVD sample. This shows that it is possible to machine deep and narrow grooves
with a high aspect ratio using a low laser power through reverse irradiation, without any effect on the
upper surface.
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Figure 5. Cross-sectional profiles of grooves obtained on (a) the CVD sample; (b) the upper surface
and (c) the lower surface of the HPHT sample.
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3.3. Debris Cloud Formation

It is noteworthy that dark clouds of debris were formed around the grooves on the upper surfaces
of both CVD and HPHT diamond samples, as shown in Figure 6. The composition of the debris was
determined by Raman spectroscopy, shown in Figure 7, to contain sp2 bonds, indicated by the peak
at 1561 cm L. However, no such debris cloud was observed on the lower surface of HPHT diamond
formed by reverse irradiation. The surface around the groove was clean. When investigating the
grooves on the lower surface of the HPHT sample with Raman spectroscopy, no sp2 bonding was
detected and only a peak at 1331 cm~! was found, indicating the presence of diamond.

(P

cloud

groove

Figure 6. SEM image of the dark cloud found around the groove on the upper surface of the HPHT
sample, machined by a fluence of 10.3 J/ cm?; (a) the entire cloud and (b) in detail.
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Figure 7. Raman spectra of the point 10 um from the edge of the groove.

4. Discussion

4.1. Machining Thresholds

As the Rayleigh length of the laser is 10 mm and far greater than the thickness of the sample
(~1 mm), the beam radius is approximately constant throughout the sample; it is 42.5 um on the upper
surface and 42.7 pm on the lower surface. Thus, the laser fluence is approximately constant on both
surfaces of a given sample. The grooves are thought to have formed on the lower surface due to
constructive interference on said surface. To describe this phenomenon in detail, it is assumed that
laser absorption within the sample is extremely small and only first-order reflection is considered.
Single-crystal diamond is known to be quite transparent at the wavelength used. However, some local
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absorption occurs due to the presence of crystal defects and impurities. Absorption « is calculated

as follows:
x =1—r—t 1)

where t is the transmission rate and r is the reflection rate. The transmission rate of diamond is known
to be ~70% and the reflection rate is ~17% [18]. The assumption of a low absorption rate is shown to be
applicable as it is roughly 13%. The light passes through the diamond sample as shown in Figure 8.
The transmission rates for the samples used, through the 2 surfaces, were 75.7% for HPHT diamond,
and 83.9% for CVD diamond respectively.

(a) Laser interaction with sample

Iy
Lref
\ 4 n
nm
lin
Iref ’
Y
no
v Itrans

(b) Destructive interference at upper surface

Upper surface
noy < nm

Iref

Iy

no

© phase m
change

(c) Constructive interference at lower surface

Lower surface

nm > N
].
5 n
Lref

nm

No phase no
change

Figure 8. Schematic of the mechanism of interference at both surfaces (light ray is shown at an angle
for illustration) showing (a) laser interaction with the sample; (b) destructive interference at the upper
surface and (c) constructive interference at the lower surface.
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Using the wave theory of light, the laser intensity I can be described by the following equation.
I(x,t) =K?> = E(x,t) x E*(x,t) )

where K is wave amplitude, E is the electric field strength with E* as its complex conjugate, x is
displacement and f is time so that
1= E? (3)

The initial laser intensity is Iy = E(Z), where Ej is the initial electric field strength. Additionally,
laser light differs from ordinary light in that it produces photons of the same frequency, wavelength
and phase [19]. Therefore, it can be assumed that the phase is generally constant. In a Gaussian
beam, a phase shift (Guoy phase shift) is present near the beam waist, resulting in an increase in
the wavelength. However, it is not observable in most experiments using a fundamental Gaussian
beam (which was used in the present study) and only becomes significant for higher-order Gaussian
modes [20]. Assuming that the light ray reaches the diamond at normal incidence, the following
equations stand true for the upper surface.

Les = RE] )

Iin = (1 - R)Ej ()

where I, is intensity reflected from the upper surface, L, is the intensity within the diamond and
given that ny, is the refractive index of the diamond and ny is that of air, the reflectance R can be

written as: )
R_(qum) (6)
nm + 1o

At this surface, destructive interference occurs between the incident ray and the reflected ray.
This is because the refractive index of air is less than the refractive index of diamond, so that a phase
change of  accompanies the reflection [21]. By the principle of superposition, the incident ray and the
reflected ray can be combined to give the intensity Iupper = [in at the upper surface.

Lupper = (1~ R)E} ?)

After crossing the upper interface, Ij, passes through the diamond to reach the bottom surface.
Here, the following equations are used.

Lef = R(1—R)E} 8)

Itrans = (1 - R)2E% (9)

where I is the intensity reflected from the lower surface and Iirans is the intensity transmitted through
the lower surface. In contrast to the upper surface, the refractive index change at the lower surface is
from high to low. Thus, no phase change occurs and constructive interference takes place. The two
intensities [;, and I are superposed and the intensity at the lower surface Ij,yer increases.

lower = Iin + Iref/ = (1 - RZ)E(z) (10)

Moreover, for machining to only take place on the lower surface, the following condition must
be met.

Iin < Ithresh < Ilower (11)
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where [y eqh is the intrinsic damage threshold intensity of the material [22]. Next, as the values
of transmission, Iirans/ Ip, have been measured, it is possible to calculate R values, as shown in the
following equation, and consequently ny, values by rearranging Equation (6).

R —1— Itrans (12)
I

For the HPHT sample, we obtain n, = 2.13 and R = 0.13. This n value is in fair agreement with
theoretical values; the refractive index of high-quality HPHT diamond is 2.41~2.42 [23,24]. Therefore,
the intensity becomes

Luypper = 0.871y (13)

liower = 0.98] (14)

Intensity is higher at the lower surface, thus machining of the lower surface occurred even at low
fluences when no machining occurred on the upper surface. The boundary fluence was 10.3 J/cm?
for upper surface machining and 7.8 J/cm? for lower surface machining. Taking into account the fact
that incident laser fluence is directly proportional to the incident intensity of the laser, Iy, these values
resulted in effective threshold values of

Pypper = 9.0]/cm? (15)

Piower = 7.6]/cm? (16)

where Pypper is the machining threshold obtained from the upper surface and Pjgyer is the threshold
obtained from the lower surface. As these values are the effective machining threshold of the HPHT
sample, they should be equal. However, the lower surface has a lower threshold possibly due to
multiple reflections within the sample. The reflections would not result in a phase change and thus
constructive interference may occur. This would lead to a greater effective intensity. Additionally, with
regards to the machining rate, a deeper groove is machined the lower surface, as shown in Figure 5,
possibly due to the fact that there is no plasma shielding. On the upper surface, a plasma would
form above the diamond, absorbing the laser and preventing it from reaching the diamond surface.
However, on the lower surface, this plasma does not form between the laser and the surface. Thus, no
shielding occurs and all energy can be applied to machine the diamond.

In contrast, it must be highlighted that there were no grooves found on the lower surface of CVD
diamond. There are several conceivable reasons as to why reverse irradiation did not take place in
this case. First, the CVD diamond is not of high quality, as can be seen from the Raman spectrum
of its unirradiated surface shown in Figure 9. It is dominated by a peak representing crystal defects,
indicated by the peak at 1424 cm~!. As CVD diamond possesses a greater abundance of crystal defects
than HPHT diamond, less energy is required to break the diamond structure and the ablation threshold
for the upper surface may be greatly lowered. Thus machining may be possible even if destructive
interference occurs. Moreover, due to the abundance of crystal defects, which may be non-transparent
with regards to the wavelength used, it is possible that the absorption cannot be ignored. In this case,
at low fluences, laser energy would be absorbed by near-surface crystal defects and be unable to reach
the lower surface.

From the above results and the knowledge that HPHT diamond generally contains more nitrogen
while CVD diamond contains more crystal defects, it can be tentatively suggested that these defects
contribute more with regards to lowering the ablation threshold.
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Figure 9. Raman spectra of the unirradiated surfaces, showing crystal defects in CVD.

By comparing the groove bottom in HPHT diamond in Figures 3a and 4a, it can be assumed that
higher energy at the lower surface caused much spalling due to diamond'’s brittle nature, resulting in a
rough bottom [25,26]. Material removal appears to be dominated by spalling rather than diamond
conversion into graphite and its subsequent sublimation [27]. This is likely to be the reason for the
uncharacteristically rough bottom and larger depth. Further evidence is given by Figure 4b, where
the roughened bottom of the grooves on the lower surface was observed at a higher magnification.
Spalling causes much cracking; as diamond has a cleavage plane at (111), cracking is likely to occur
along this plane [28,29]. As the irradiated plane is the (100) plane, and the cracks propagate in a
diagonal direction as shown in Figure 10, it may be assumed that the cracks formed primarily along
the cleavage plane. The rough walls may be smoothed by the addition of a finishing process using
perhaps a weaker laser fluence.

Cracking direction
-~

o

- y > ,’4\

‘._’ --a\%ﬂ Sy

% “Cracking di
ot .

Figure 10. SEM image of the bottom of the laser-induced groove on HPHT showing cracks propagating
in a diagonal direction.

In summary, with regards to the laser irradiation of diamond, the laser intensity is high enough to
directly ablate the material from the upper surface at high fluences. In comparison, at lower fluences,
the laser passes through the upper surface to reach the lower surface where constructive interference
occurs. This interference leads to increased laser intensity and in turn, ablation, causing material
removal dominated by spalling from the lower surface. This increase in laser intensity at the lower



Appl. Sci. 2017, 7, 815 120f15

surface may be applicable to other transparent materials; it has been experimentally confirmed in the
laser machining of glass [30].

4.2. Material Structural Change

The above mechanism explains the transition of the groove formation of diamond, but its relation
to the sp2 bonded material deposition mechanism must be considered. Laser irradiation is known to
cause changes to the crystal structure [31-33]. The presence of oxygen in the processing environment
is known to greatly reduce the onset temperature of graphitization [34-36]. Thus, in order for changes
in crystal structure to take place, abundant oxygen is required.

At the lower surface, no sp2 bonding was observed. This may be partially due to the effects of
gravity; the ablated non-diamond particles may have been fallen below or may have expanded into
the surrounding air. An alternative cause for the limited deposition of particles is that fact that as the
laser reaches the surface from inside the diamond sample, and there is a higher probability that it will
encounter an inner absorbing center before reaching the lower surface. These absorbing centers have
less surrounding oxygen compared to the surface defects. This results in limited graphite production.
However, there is some sp2 bonding present within the groove, indicated by peak at 1561 cm™! in
Figure 11. This may be because as ablation occurs on the lower surface, bonds among the surface
atoms are broken. This removal of bonded atoms caused re-arrangement of the crystal structure into a
more thermodynamically stable state, namely an amorphous or graphitic structure [37].

Figure 11 also indicates that recrystallization due to laser heating did not occur. Narayan and
Bhaumik (2015) proposed that the formation of diamond microneedles occurs by recrystallization
through the nanosecond laser heating of diamond-like amorphous carbon [38]. In the proposed
mechanism, nano-diamonds nucleate and grow rapidly by liquid mediated explosive recrystallization
to form microneedles. However, in our study, the area within the groove was found to include sp2
bonds and did not possess a clear diamond peak. Thus, the rough surface can be attributed to spalling
rather than recrystallization.

The decrease in deposited sp2 bonded particles, indicated by Figure 7, also agrees with the
conclusion that much of the material removal occurred by spalling. Additionally, by comparing groove
depth, it can be concluded that spalling has a higher material removal rate compared to the oxidation
reaction. In addition, although it may be limited to a certain range to laser fluences, this may be used
as a method to machine deep grooves while reducing crystal structure change without additional
apparatus or processes.

1000
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. 700 T 1561 cm
R o
2 600 1358 cm —— Upper
2 surface
E 500
£ 400 — Lower
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200 4 i ‘
100 1358 cm’! 1561 cm’!
0
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Figure 11. Raman spectra of a point on the groove wall.
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5. Conclusions

Nanosecond pulsed Nd:YAG laser irradiation has been performed on two different types of
diamond single crystals, one grown by CVD and the other by HPHT synthesis. The irradiation marks
and surface microstructures were compared. The following conclusions were obtained.

(1) The transmission rate of HPHT diamond to the present laser beam is 75.7%, lower than that of
CVD diamond (83.9%).

(2) For both HPHT and CVD diamond, destructive interference takes place on the upper surface at a
sufficiently high laser fluence, leading to direct ablation of smooth grooves.

(3) For HPHT diamond, at a laser fluence lower than the machining threshold for the upper surface,
laser passes through the upper surface and material removal only takes place on the lower surface
of due to constructive interference of the laser, resulting in spalling of material and formation of
sharp grooves with rough bottoms.

(4) There is significant deposition of debris containing sp2 bonding on the area surrounding the
groove on the upper surface, while no such deposition was found on the lower surface. For the
latter, the laser comes into contact with a limited amount to oxygen in the grooves, thus oxidation,
which greatly reduces the onset temperature of crystal structure change, cannot take place, and
limited sp2 bonds are produced.

The crystal growth method should be taken into account in determination of laser processing
conditions. A greater crystal defect density exists in CVD diamond, causing it to become more
absorbing and thus easier to machine by lasers.
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