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Nanosecond pulsed excimer laser machining of
chemically vapour-deposited diamond and
graphite
Part II Analysis and modelling

RICHARD WINDHOLZ, P.A. MOLIAN
Mechanical Engineering Department, Iowa State University, Ames, IA 50011, USA

Analysis of the experimental data presented in Part I of this paper and those available in the

literature revealed that the mechanism of material removal in laser machining of chemically

vapour-deposited diamond is a two-step process: diamond transforms to graphite, and

subsequently graphite sublimates. The energy fluence required for the formation of graphite

is much lower than its removal by sublimation, and both are sensitive to the wavelength of

the laser beam, the impurities present in the film and the environment during machining.

When a 248 nm excimer laser beam interacts with diamond, there is an energy loss of 20% by

reflection and 10% by transmission. The remaining 70% energy is used for heating the

diamond, converting diamond to graphite, and sublimating graphite. Graphite is removed

mostly by physical ablation and to some extent by chemical oxidation with the ambient.

A theoretical calculation based on bond strength estimates that the threshold energy

fluence for the ablation of diamond is 0.37 J cm!2. The experimental energy fluence was

0.8 J cm!2. Experimental results on the material removal rates as a function of energy

fluence closely follow the Beer–Lambert equation, suggesting that physical ablation is the

determining mechanism. Temperature calculations showed that both diamond and graphite

tend to oxidize in a single laser pulse that contributes to the material removal.
1. Introduction
Laser machining of diamond is an area of consider-
able technological importance for optical, microelec-
tronic and tribological applications. There exists
a clear need to understand the underlying physical
mechanisms by which the laser can effectively bring
out the benefits. In this paper, the excimer laser
beam—diamond interactions is first examined and then
the threshold energy fluence for diamond ablation was
calculated from fundamental principles. A detailed
analysis is made of the results presented in Part I
together with data from other investigators. In addi-
tion, photochemical and thermal models of laser abla-
tion are used to validate the experimental data and to
predict the material removal mechanisms.

2. Excimer laser beam–diamond
interactions

When a material is exposed to a sufficiently intense
laser beam, an irreversible alteration of the material
occurs, and this is called laser-induced breakdown. In
a pure transparent dielectric such as diamond, the
breakdown process begins with a sparse population of
loosely bound electrons. Through various optical pro-
cesses, these electrons are freed and energized by the
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large electric field of the laser pulse to the point that
they produce more conduction electrons, eventually
resulting in a large charge build-up. The resulting
solid-state plasma is highly absorbing, and channels
energy from the light wave into the material lattice in
the form of heat. Two different mechanisms are ca-
pable of generating the plasma: avalanche ionization
and multiphoton ionization. In avalanche ionization,
free electrons are given energy by the oscillating elec-
tric field in the laser light. When the electrons gain
sufficient energy, they knock additional electrons
loose. The new electrons then are also given energy by
the electric field, and an avalanche begins, soon form-
ing a plasma. The plasma then transmits energy to the
surrounding lattice. In multiphoton ionization, two or
more photons are absorbed by an electron. The elec-
tron then has sufficient energy to go to a higher atomic
energy level or to leave the atom.

The pulse length plays an important role in the
formation and effect of the plasma. The plasma is first
initiated in the many impurities and crystal imperfec-
tions in the sample. If the pulse length is of picosecond
duration, overlap of the individual microsites does not
occur, resulting in less destruction than generated by
nanosecond pulses. Also, for a given quantity of en-
ergy, picosecond pulses generate higher electric fields
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than nanosecond pulses. This yields more rapid
plasma formation with picosecond pulses, resulting in
an increase in plume absorption, which effectively
increases the breakdown threshold [1].

Together with the reactions at the atomic level,
there are many things occurring on a macroscopic
level. These include (i) energy reflected away from the
surface, (ii) energy transmitted through the entire
workpiece, (iii) heat conducted away by the solid, (iv)
conversion of diamond to graphite, (v) sublimation of
graphite, (vi) absorption of energy by the plume (vii)
kinetic energy of products leaving the surface of the
diamond and (viii) absorption of energy by the solid, and
then re-emission as luminescence or infrared radiation.

The energy reflected from the surface of a material
can be determined from the equation R"[(n

1
!n

2
)/
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1
#n

2
)]2 where R is the reflectance, n

1
is the refrac-

tive index of the incident medium and n
2

is the refrac-
tive index of the substrate material [2]. Using values
of n

1
"1 for air and n

2
"2.65 for diamond (obtained

by chemical vapour deposition (CVD)) at 248 nm [3],
we find that R"0.20 for CVD diamond. Of course,
this equation assumes only specular reflectance. The
energy transmitted through free-standing CVD dia-
mond film has been documented by Thorpe et al. [4].
For 248nm light, approximately 10% of the light
incident on the surface is transmitted through to the
opposite surface. This value is independent of whether
the incident surface is the rough side or the smooth
side of the film. The photon energy for 248nm light is
5.01 eV, which is less than the band gap of diamond
which is 5.4 eV. Thus, pure diamond should be trans-
parent to 248nm light. However, all types of diamond
have impurities such as lattice defects or inclusions, all
of which absorb 248nm light to some degree. Excess
amounts of nitrogen cause absorption at energies con-
siderably lower than the band gap of diamond. Some
common examples of this include the ‘‘A centre’’,
which occurs when two nitrogen atoms replace two
adjacent carbon atoms, and the ‘‘B centre’’, which
occurs when four adjacent nitrogen atoms plus a
vacancy occur [5].

The remaining 70% of the laser energy is used to
heat the diamond surface layers, to cause a phase
transition from diamond to graphite and to sublimate
the graphite. Once a graphite surface has been formed,
the absorption characteristics change dramatically.
The reflected and transmitted energies become nearly
zero, and the incident laser energy is now divided into
just two major components: the energy absorbed by
the plume and the energy absorbed by the graphite on
diamond substrate. The contribution of the other
mechanisms mentioned earlier are assumed to be min-
imal. The graphite on the surface is then removed by
two mechanisms: oxidation with air at about 1150K,
and vaporization by heating at about 4275K [6]. As
graphite is removed, the graphite—diamond interface
moves down, and the diamond directly below the
interface is converted to graphite. This process con-
tinues throughout the duration of the laser pulse, thus
removing material from the substrate.

When diamond is transformed into graphite, it
forms a distinct layer due to the different crystal struc-
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ture and lower density of graphite relative to the initial
diamond. Graphite has an increased opacity at visible
wavelengths and its electrical conductivity is consider-
ably higher than that of diamonds. The rate of the
conversion of diamond to graphite was measured by
Rothschild et al. [7] and Rothschild and Ehrlich [8],
who found that this conversion began at a threshold of
approximately 60 mJ cm~2 and then increased non-
linearly with increasing laser fluence. The graphite
generated at the diamond surface has a smaller ab-
sorption length than diamond (0.1lm compared with
approximately 10 lm) and a lower thermal diffusivity
(1.4 cm2 s~1 compared with 11 cm2 s~1 at room tem-
perature) [7]. Because of this, the energy in the latter
part of a laser pulse is localized in the graphite layer,
leading to selective vaporization of the graphite. The
underlying diamond is relatively unaffected.

Material is removed in two modes when machining
diamond with a laser: chemical etching and physical
etching, or ablation. When a laser heats the surface,
there is a transition to graphite at around 1475K, and
a chemical reaction with oxygen at 1150K. Small
amounts of material are removed by the chemical
reaction. Physical ablation (sublimation) begins at
around 4275K. The oxidation mechanism dominates
at low fluences (200—500 mJ cm~2), and physical abla-
tion dominates at higher fluences [9,10].

3. Calculation of the threshold fluence
for diamond

The threshold energy fluence is a strong function of
the wavelength of the light, the type of diamond (in-
cluding diamond-like carbon (DLC), hydrogenated
amorphous carbon (a-C:H) and amorphous carbon
(a-C)) and the impurity content, as shown by the data
from the experimental study described in Part I and
from the literature displayed in Table I.

The threshold energy fluence necessary for ablation
to occur in CVD diamond can be estimated using the
bond energy of diamond as a starting point. In order
to compare the calculated value with the experimental
value, the area and volume used in these calculations
are the same as that ablated with one laser pulse at the
experimental value. At the experimental threshold
energy fluence, the surface area and the volume abla-
ted in a single pulse are 0.004 144 cm2 and
4.97] 10~9 cm3, respectively.

The number, M
#
, of moles of carbon in the volume

is calculated as M
#
"»q/M

#
where » is the volume

(4.97] 10~9 cm3), q is the density (3.51 g cm~3) and
M

#
is the molar weight of carbon (12.011gmol~1).

Substituting the values, M
#
"1.45] 10~9mol. Each

single bond (sp3) in diamond is shared equally among
adjoining atoms; thus, for each bond, an atom ‘‘owns’’
half of the bond. In diamond, there are four strong
r bonds shared among neighbouring atoms; so each
diamond atom ‘‘owns’’ two bonds. In comparison,
graphite has three strong r bonds and one weak
n bond. The n bond is very weak compared with the
r bonds; so each graphite atom ‘‘owns’’ approxim-
ately 3 ] 1/2" 1.5 bonds. In this calculation, it is
assumed that the diamond bonds are broken directly



TABLE I Threshold energy fluence values

Source Wavelength Diamond Fluence
(nm) type (J cm~2)

Present study 248 Free-standing CVD diamond 0.8
Ageev et al. [11] 308 CVD diamond 1.0
Rothschild et al. [7] 193 Natural diamond 3.9
Douglas-Hamilton and Haag [12] 10600 Natural diamond 106
Rothschild and Ehrlich [8] 193 DLC 0.13
Prawer et al. [13] 530 DLC 1.60
Konov et al. [14] 248 a-C:H 0.07
Malshe et al. [15] 248 a-C:H 0.11
Malshe et al. [15] 248 a-C 0.035
instead of being transformed to graphite first and then
broken.

For diamond, the total number, N
"
, of atomic

bonds in the volume is given by N
"
"2M

#
\

2.9]10~9. The energy, E
"
, required to break all the

bonds in the given volume would be E
"
"N

"
E
$
,

where E
$
is the energy for breaking a single bond (sp3)

which is given by 370kJ mol~1 [16]. This results in
a value of E

"
"0.001 077 J. In laser processing, this

energy must all be initially absorbed at the surface; so
the fluence F

4
, at the surface, would be F

4
"E

"
/A,

where A is the surface area (0.004 144 cm2). This re-
sults in a value of F

4
"0.26 J cm~2. As shown earlier,

only 70% of the energy in a laser pulse is totally
absorbed within the volume. Thus, the threshold flu-
ence required for ablation is estimated to be
F"F

4
/0.7"0.26/0.7"0.37 J cm~2. The calculated

value for the threshold fluence is about 50% less than
the experimental value (0.8 J cm~2) obtained in this
work. The difference between the calculated and ex-
perimental values may be due to plasma absorption,
conduction and other miscellaneous effects such as
impurities that were ignored to simplify the calcu-
lation. The energy-absorbing plasma is very likely to
form at 0.8 J cm~2 which corresponds to a power
density of 107W cm~2 because it has been demon-
strated that, between 107 and 1010Wcm~2 (depend-
ing on wavelength), the vapour plume becomes partly
ionized and absorbs a substantial fraction of the laser
energy. Of course, the plume emits black-body radi-
ation, which can then be partially absorbed by the
target material [17].

As a side note regarding the threshold fluence, some
discussion should be given regarding the octahedron
(1 1 1) surfaces typical of CVD diamond surfaces. For
light that is normal to the macroscopic plane of the
surface, the four faces on the top of an octahedron
crystal may initially tend to focus light to a point
inside the crystal. This point inside the crystal will
then be exposed to a fluence that is roughly four times
the fluence received on each face. This could generate
a situation where ablation can be initiated in as-grown
CVD diamond at fluences much lower than the thre-
shold fluence for polished diamond. Ablation at these
low fluences will continue until the crystal faces have
been severely modified by the ablation process, thus
eliminating the focusing effect.
4. Analysis of material removal rate
The experimental study described in Part I confirms
that the material removal in nanosecond pulsed
248nm excimer laser machining of free-standing CVD
diamond films involves two steps: conversion of dia-
mond to graphite, followed by the sublimation of
graphite. The material removal rate increased with an
increase in the energy fluence. In the present study,
material is removed at the rate of 0.15 lm per pulse at
an energy fluence of 40 J cm~2. Rothschild et al. [7]
performed machining of single-crystal diamond using
ArF (193 nm) laser pulses and achieved etch rates of
up to 0.2 lm per pulse. They used a focused energy
density that varied from 0.1 to 200 J cm~2 and type
IIA crystalline diamond with (1 0 0) orientation and
diamond-like hard-carbon films. Rothschild et al. [7]
also used reactive ambient vapours to react with the
heated graphite layer to reduce the temperature and to
eliminate accumulation of graphite. The best results
were obtained with gases simultaneously photolysed
during the pulse, such as Cl

2
, O

2
and N

2
. In the

higher-temperature ranges, a hydrogen ambient in-
creased the etching rate of graphite.

Using 308 nm XeCl light on CVD diamond films,
Ageev et al. [11] achieved an etch rate that was almost
an order of magnitude greater than that obtained in
the present work. This shows that 308 nm light can
ablate graphite better than 248nm light. The existence
of impurity absorption in CVD diamond films, as well
as the formation of an absorbing graphite layer on the
surface during illumination, can result in effective
etching.

Ageev et al. [11] carried out comparative studies of
changes induced in polycrystalline diamond films by
light from an XeCl laser (energy, 4.08 eV) and a CO

2
laser (energy, 0.12 eV). Light from the XeCl and CO

2
sources was focused on the workpiece to spot sizes of
150 lm and 500 lm, respectively. The pulse repetition
frequency was varied from 1 to 10Hz while the energy
density was varied to a maximum of 30 J cm~2. Ap-
preciable etching occurred only with the XeCl source
beginning near 1 J cm2. At 8 J cm~2, the etch rate was
0.3 lm per pulse, which is almost an order of magni-
tude higher than that obtained by Rothschild et al. [7]
using 193 nm light at comparable energy densities.
Ageev et al. believed that this discrepancy occurs be-
cause diamond film has a lower thermal conductivity
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(k" 410Wm~1K~1) than does single-crystal dia-
mond (k" 2000 Wm~1K~1). Lower thermal con-
ductivity results in intensified pulsed heating of the
film surface and causes faces which are more active
than the (1 0 0) direction used by Rothschild et al. to
participate in the graphitization of the diamond film.

When Ageev et al., were conducting their experi-
ments, the transmission of the film remained constant
until a through-hole appeared and corresponded to an
effective absorption coefficient a" 2000 cm~1. This
provided evidence that a steady-state absorbing layer
of graphite was present at the bottom of the crater,
supporting the Rothschild et al. model of two-stage
etching. The Rothschild et al. model involves the
transformation of diamond to graphite in the first few
laser pulses, followed by the sublimation of graphite
with additional laser pulses. Ageev et al. also found
that, after irradiation in a xenon gas atmosphere or
a vacuum, a graphite halo always formed around the
spot. This was caused by the deposition of carbon
ejected from the crater. When irradiated in air, the
oxygen did not appreciably accelerate etching, but it
did react with carbon in the gaseous phase, forming
CO and CO

2
. This process prevents the formation of

a graphite ‘‘breastwork’’ at the edge of the laser spot,
and the boundary of the hole becomes sharper.

Regarding the experiments using a CO
2

laser on
CVD diamond films, Ageev et al. calculated an ab-
sorption coefficient a"200 cm~1, and the ablation
threshold value was determined to be 18 J cm~2. This
threshold fluence is much lower than the value of
106 J cm~2 reported by Douglas-Hamilton and Haag
[12] and may be due to the different absorption coeffi-
cients of type IIA natural diamond and CVD diamond.

Potamac Photonics [18, 19] used a KrF laser pro-
ducing 50lJ pulses of 80 ns duration at pulse repeti-
tion rates extending to 2 kHz to machine diamond. In
general, fluences between 0.1 and 10 J cm~2 were re-
quired for ablation, and the single pulse ablation
depth in diamond was typically a few tens of
nanometers. With this precision depth control,
Potamac Photonics used raster scanning techniques
to fabricate a variety of microstructures from bulk
diamond. The diamond substrate was mounted on
motorized stages, and laser pulse generation was syn-
chronized with stage motion to assure uniform expo-
sure of selected surface areas. No effort was made to
homogenize the laser beam since the scanning process
produced a spatial averaging effect that minimized the
effect of fluence variation in the focal spot. A surface
roughness of a few hundred nanometers was typical of
the scanned area. The graphite layer produced by the
laser beam was subsequently removed by abrasive
sonication with an Al

2
O

3
slurry.

The results of research on DLC films are also useful.
In contrast with CVD diamond, DLC films are
amorphous and very smooth [10]. DLC films contain
a mixture of sp2 and sp3 bonds; so their structure may
be described as being between that of diamond and
graphite [13]. However, the band gap of a-C is 1.0 eV,
and for a-C:H it is 1.4 eV [15]. These values are
considerably lower than the 5.4 eV band gap of pure
diamond; so a comparison of results must be per-
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formed with caution. Konov et al. [14] performed
experiments on a-C: H films using KrF (248 nm) radi-
ation and fluences ranging from 0.07 to 1.0 J cm~2 to
determine the most efficient etching conditions for
these films. Prawer et al. [13] used a frequency-doub-
led neodymium-doped yttrium aluminium garnet
laser (534 nm) on DLC films in the range
0.2—1.6 J cm~2. Their intention was to create conduct-
ing pathways on insulating DLC films for microelec-
tronic applications, and they reported a minimum
fluence near 1.6 J cm~2. Rothschild and Ehrlich [8]
used 193nm light to produce lines 0.13lm wide on
DLC films with fluences ranging from 0.1 to
1.0 J cm~2. They reported an ablation threshold of
approximately 0.13 J cm~2. Malshe et al. [15] used
248nm light and fluences ranging from 0.2 to
1.2 J cm~2. They showed that a-C:H films had etch
rates approximately ten times higher than a-C films.
Malshe et al. believed that this difference was because
etching of a-C:H removed material without redeposit-
ing the graphitic phase, which occurs when ablating
a-C. Minimum ablation fluences of 0.035 J cm~2 for
a-C and 0.11 J cm~2 for a-C:H were estimated from
the data. A detailed comparison of results on the
laser—DLC interaction obtained by different workers
is hampered because, in most cases, the optical, ther-
mophysical and structural parameters of DLC films
were not reported; yet these properties can be varied
in a wide range by the proper choice of deposition
conditions.

5. Modelling of material removal
The results obtained in this work suggest that the
etching of CVD diamond may be photochemical in
nature and may follow the Beer—Lambert relation
given by E (z)"E

*
exp(!az), where E (z) (J cm~2) is

the attenuated fluence (at depth z), E
*
(J cm~2) is the

incident fluence and a (cm~1) is the absorption coeffic-
ient. If one assumes that the etch depth is equal to the
depth at which the attenuated fluence reaches the
threshold fluence (E

5
) value, then the equation can be

rearranged to estimate the etch depth. The etch depth,
D (cm), per pulse is then given by D"(1/a)ln(E

*
/E

5
),

where E
5

is the threshold ablation fluence equal to
0.8 J cm~2 for CVD diamond.

Based on the experimental data obtained, the cal-
culated values of a (including the effects of transforma-
tion of diamond to graphite) range from approxim-
ately 105 to 106 cm~1. The variation in a with fluence
is shown in Fig. 1. It can be seen that a~1 is quite high
for low fluences and then it gets smaller for higher
fluences. This is probably due to the production of
thicker graphite films on the diamond surface at high-
er fluences. Graphite has a higher absorption coeffic-
ient than diamond. The average value of a~1 is
4] 10~6 cm, which is low compared with the value of
5] 10~4 cm obtained by Ageev et al. [11] using
308nm light on single-crystalline diamond. However,
it compares favourably with the value of 10~6 cm
obtained by Kononenko et al. [9], who modelled the
ablation rate of DLC films using the Beer—Lambert
equation.



Figure 1 Variation in absorption coefficient with energy fluence for CVD diamond.
TABLE II Properties of diamond and graphite

Material Thermal Thermal
conductivity diffusivity
(Wm~1 K~1) (m2 s~1)

Diamond 2100 0.001
Graphite 290 0.000165

Pettit [20] noted that, for many materials exposed
to fluences slightly above threshold, the etch depth per
pulse varies according to the Beer—Lambert equation.
However, for higher fluences, there are considerable
deviations from this logarithmic relationship. In many
cases, the relationship between etch depth and fluence
becomes approximately linear as given by
D"C(E

*
!E

0
) where C and E

0
are constants. Data

in the present work did not follow this linear equation.
In addition to ablation, the material removal may

occur by oxidation. A thermal model is used to deter-
mine the oxidation of diamond or graphite, and the
transformation of diamond to graphite in a single
laser pulse. Table II lists the thermal properties for
CVD diamond and the highly oriented pyrolytic
graphite (HOPG) used in this work.

The energy distribution across an excimer laser
beam can be approximated as uniform and constant.
Assuming a semi-infinite solid, the solution to the heat
transfer equation for the surface temperature is
¹(0, t)"(I

0
/K) (4jt/p)1@2 where I

0
is the absorbed

power density, K is the thermal conductivity and j is
the thermal diffusivity. This equation ignored the en-
ergy loss by plasma absorption. In addition, this equa-
tion is valid when the thickness of the part exceeds
(4jt)1@2. For diamond and graphite, the values of
(4jt)1@2 are 10lm and 4lm, respectively, both of
which are considerably smaller than the thickness of
the samples used in these experiments. Thus, the
above equation should give a reasonable estimate of
Figure 2 Calculated surface temperatures in diamond (—r—) and
graphite ( — — — d — — —) during a 23ns laser pulse.

the temperatures in the samples when they are ex-
posed to a laser pulse.

The surface temperature of both diamond and
graphite during a single laser pulse with a fluence of
0.94 J cm~2 was calculated, and the temperature is
plotted as a function of time in Fig. 2. The reflectances
used for calculating I

0
are 0.20 for diamond and 0 for

graphite. Diamond begins to oxidize at around
1150K and begins to convert to graphite at 1475K.
Graphite oxidizes between 625 and 675K and
sublimes around 3975—4275K [16]. It is seen from
Fig. 2 that both diamond and graphite oxidize during
nanosecond pulsed laser machining, and that dia-
mond transforms to graphite.

6. Conclusions
Experiments, analysis and modelling of laser hole
drilling of CVD diamond and HOPG with a 23 ns
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pulsed KrF excimer laser provided insight into the
mechanisms of material removal. In a single laser
pulse, diamond oxidizes as well as transforms to
graphite. The material removal mostly occurred
through physical ablation of graphite. The threshold
energy fluence for ablation of diamond was theoret-
ically calculated as 0.37 J cm~2 which is 50% of the
experimentally obtained value. The discrepancy be-
tween these values may be due to absorption of energy
in the plume, conduction losses and impurities in the
diamond. The threshold energy fluence decreased with
decrease in the wavelength. Information regarding the
threshold ablation fluence of HOPG could not be
found in the literature; so a comparison with other
values could not be made.
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