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Abstract.  We study the possibility of increasing the efficiency and 
quality of laser ablation microprocessing of diamond by prelimi-
nary forming an absorbing layer on its surface. The laser pulses 
having a duration of 1 ps and 10 ns at a wavelength of 1030 nm 
irradiate the polycrystalline diamond surface coated by a thin layer 
of titanium or graphite. We analyse the dynamics of the growth of 
the crater depth as a function of the number of pulses and the 
change in optical transmission of the ablated surface. It is found 
that under irradiation by picosecond pulses the preliminary graphi-
tisation allows one to avoid the laser-induced damage of the inter-
nal diamond volume until the appearance of a self-maintained 
graphitised layer. The absorbing coating (both graphite and tita-
nium) much stronger affects ablation by nanosecond pulses, since it 
reduces the ablation threshold by more than an order of magnitude 
and allows full elimination of a laser-induced damage of deep 
regions of diamond and uncontrolled explosive ablation in the near-
surface layer.

Keywords: laser ablation, microstructuring, diamond, absorbing 
coating.

1. Introduction

Many potential applications of synthesised diamonds, includ-
ing the fabrication of diamond elements for optics and photo-
nics, microelectromechanical  systems,  biochemical  reactors, 
sensors,  field  emitters,  etc.,  require  a  perfect  technology  of 

surface microstructuring. During the last two decades several 
efficient  solutions  of  this  problem have  been proposed  and 
successfully implemented, including the silicon replica method 
[1, 2],  reactive  ion  etching  [3 – 5],  etching  in  the  inductively 
coupled plasma [6 – 8], and laser ablation [9 – 15]. One of the 
advantages  of  the  latter  technique  is  that  it  is  a  single-step 
process, which  is  commonly  performed  in  air,  provides  the 
formation of arbitrary spatial shapes and is easily adaptable 
to a new task. The drawbacks of laser processing are the lower 
spatial resolution and higher roughness of the resulting sur-
face,  as  compared  to  the  results  obtained  using  the  above 
alternative methods.

Diamond  is a wide-band  (5.45 eV) dielectric and,  there-
fore,  in  the  first  experiments  on  the  diamond  surface  laser 
microstructuring ultraviolet excimer lasers were used [16 – 19]. 
In these experiments, it was found that laser ablation of dia-
mond is accompanied by the appearance of a thin self-main-
tained  graphitised  layer  on  its  surface,  providing  efficient 
absorption of laser radiation at any wavelength [20]. Due to 
this effect, nanosecond pulses of IR and visible spectral range 
(l  =  532 – 1064  nm),  weakly  absorbed  in  diamond  at  high 
energy densities but capable of initiating optical breakdown 
(graphitisation), can be used to cut diamond, including indus-
trial applications. However, attempts  to use such pulses  for 
profiling the diamond surface turned out unsuccessful (see, e. g., 
[9]) because of the formation of multiple cracks in the volume 
of the exposed material and large caverns on its surface.

A much better quality of the diamond surface processing 
was  demonstrated  by  ultrashort  (femtosecond  and  picosec-
ond)  pulses  of  IR  and  visible  range  [9 – 13],  the  interest  to 
which permanently grows during the last decade. An impor-
tant reason for the popularity of ultrashort pulses is the essen-
tial progress of recent years in the development of appropri-
ate laser sources that led to the assortment widening, the reli-
ability improvement, and the increase in such key parameters 
as  the  mean  power  and  the  pulse  repetition  rate  by  a  few 
orders of magnitude. All these factors allow a breakthrough 
in the productivity of precision  laser processing and open a 
way to practical exploitation of specific regimes of diamond 
processing, e. g., nanoablation [4, 15], characterised by ultralow 
(below 10–3 nm per pulse) rates of material removal.

It  is  worth  noting  that  although  the  use  of  ultrashort 
pulses strongly enhances the precision of the diamond surface 
processing and considerably reduces the degree of damaging 
the  inner  regions as compared  to  the  results of nanosecond 
pulse irradiation, it does not solve the problem in principle. 
Before the appearance of a surface graphitised layer, the effi-
cient absorption of laser radiation in diamond is possible only 
due  to  the  complex  process  of  nonlinear  ionisation  of  the 
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material, which depends on  the  local  radiation  intensity, as 
well as on the presence of different structural defects. In par-
ticular, this leads to a significant spread in the results of mea-
suring the optical breakdown threshold in diamond [21]. As a 
result,  the  zone  of  radiation  absorption  and  consequent 
intense heat release can be located not only at the surface, but 
also deep  in  the material volume, which  leads  to  its optical 
breakdown (damage). The optical breakdown in the diamond 
volume is accompanied by the appearance of a microscopic 
graphitised region capable of efficient absorption of the inci-
dent light and generation of strong tensile stresses in the sur-
rounding material, leading to the appearance of microscopic 
cracks [22]. Obviously, the appearance of such defects in the 
volume of the processed material rather negatively affects the 
characteristics of the fabricated diamond microstructure, par-
ticularly if it is planned to transmit radiation through it.

The focusing of a laser beam onto the sample surface com-
monly  does  not  provide  localisation  of  absorption  of  laser 
radiation in the thin surface layer. The reason it that a consid-
erable decrease in laser intensity occurs only deeper than the 
Rayleigh length zR = p nw2/l, where w = 2lf /(pD); n = 2.4 is 
the refractive index of diamond; l is the wavelength; f is the 
focal  length;  and D  is  the  beam  diameter  at  the  lens.  For 
example,  in the typical case of diamond surface microstruc-
turing with IR pulses ( l = 1.03 mm) by means of a standard 
galvanometer scanner (f = 160 mm, D = 10 mm), the Rayleigh 
length amounts to about 800 mm, which is comparable with 
the typical thickness of commercially available plates of poly-
crystalline diamond. One should keep in mind that the num-
ber  of  pulses  necessary  to  initiate  the  formation  of  a  self-
maintaining  graphitised  layer  and  the  beginning  of  surface 
ablation  is  reduced with  the  growth  of  the  incident  energy 
density,  which  is  a  manifestation  of  the  ‘incubation  effect’ 
[22]. Using a sufficiently high energy density, the graphitised 
layer can be produced by the first pulse. However, a question 
arises, whether the graphitised layer possesses sufficiently low 
transmission to decrease the intensity of laser radiation pen-
etrating through it to the level that excludes the optical break-
down in the process of subsequent ablation.

A  possible  solution  to  this  problem  is  the  preliminary 
deposition of a thin coating of a strongly absorbing material 
on  the  surface of  the processed diamond plate. Potentially, 
this coating can localise the absorption of laser radiation at 
the surface of the sample from the very beginning of irradia-
tion,  accelerate  the  formation  of  a  self-maintaining  graphi-
tised  layer on  the  surface of diamond, or  even decrease  the 
minimal energy density necessary for its appearance.

The goal of the present experimental study was to check 
the  above  considerations  and  to  clarify  the  influence  of  a 
strongly absorbing coating on the process of polycrystalline 
diamond ablation by picosecond (t = 1 ps) and nanosecond 
(t = 10 ns) pulses at a wavelength of 1030 nm. In the process 
of study, we  tested  two types of absorbing coatings, both a 
few hundred nanometres thick, namely, a titanium film and a 
graphite  layer. Titanium  is known  for  its  good adhesion  to 
diamond and low reflection coefficient, as compared to other 
metals, and the graphite layer can be obtained by phase mod-
ification of the surface of diamond itself. The complex study 
of  the  process  of  crater  formation  at  the  diamond  surface 
included the measurements of the profile and the local trans-
parency of the irradiated surface, as well as the investigation 
of  the  graphitised  layer  at  the  crater  bottom  by  means  of 
Raman spectroscopy.

2. Experiment

In the experiments, we used two 0.5-mm-thick plates measur-
ing 10 mm ́  10 mm cut from one optical-quality polycrystal-
line diamond grown using chemical vapour deposition (CVD). 
Both sides of the plates were mechanically polished and clea-
ned in an ultrasonic bath using acetone. Half the area of one of 
the plates was coated with a 300-nm-thick titanium film depo-
sited using the method of vacuum evaporation. Into the other 
plate, the Ar+ ions were implanted with the energy 250 keV 
and  the doze 2 ́  1015  cm–2 at  room temperature. The dam-
aged surface layer formed in this way was annealed in vacuum 
at  the  temperature  1400 °C during  1  hour  and  transformed 
into a layer of 280-nm-thick nanocrystalline graphite. Using 
the  relation  between  the  integral  intensities  of  the  peaks D 
(1367 cm–1) and G (1595 cm–1), selected from the Raman scat-
tering spectrum, the mean size of graphite crystals in the pro-
duced absorbing layer was estimated to be Lcr = 27 nm [23].

Irradiation was  performed by  a VaryDisk50 multimode 
laser system (Dausinger+Giesen GmbH, Germany), generat-
ing pulses with the duration both 1 ps and 10 ns at the wave-
length 1030 nm with the pulse repetition rate 200 kHz for the 
maximal mean power 20 W. The external Pockels cell locked 
with the laser provided the reduction of the repetition rate to 
1 kHz and the formation of pulse trains of given length. Using 
a lens with f = 100 mm, the laser beam was focused into a spot 
with the diameter 23 mm at the 1/e level on the surface of the 
diamond plate mounted on the xyz micropositioner.

The diamond plates with metal and graphite coatings, as 
well as the uncoated area, were irradiated by a variable num-
ber  of  pico-  and  nanosecond  pulses  in  the  range  of  energy 
densities F = 0.3 – 8  J  cm–2. For  each  crater  the 2D  surface 
profile  was  obtained  using  a  ZYGO  NewView5000  white-
light  interferometer  (ZYGO  Corp.,  USA).  Irradiating  the 
uncoated  diamond,  we  compared  the  local  transmission  of 
the material  at  the  laser  wavelength  (1030  nm)  before  and 
after irradiation. To this end, the energy of probe pulses was 
reduced to the level excluding the diamond damage. The min-
imal  energy density at  the diamond surface  that  caused  the 
fall of transmission after N = 104 laser pulses was accepted as 
the optical breakdown threshold. To record the Raman spec-
tra at the bottom of the crater, we used a LamRam HR-800 
microanalyser (HORIBA, Japan) equipped with an Ar+ laser 
(l = 488 nm).

3. Results

3.1. Ablation of uncoated diamond by picosecond pulses

A typical dependence of  the crater depth on  the number of 
laser pulses presented in Fig. 1 (F = 1.2 J cm–2) allows one to 
conditionally distinguish  three  stages  in  the process of pro-
ducing a deep crater in diamond. At the first stage (N < 10), 
the  crater  is  not  formed  yet,  which  corresponds  to  a  zero 
depth of the crater in the plot. At the second stage (10 £ N £ 
100), the probability is great for the formation of an irregu-
larly shaped crater with a bottom profile corresponding to a 
Gaussian distribution of energy in the laser beam and charac-
terised by a large depth variation (or ‘large spread of depths’) 
(Fig.  2b).  The  latter  fact  determines  the  abnormally  large 
value of the vertical error at the corresponding points of the 
crater depth dependence in Fig. 1. At the crater periphery, it 
is  sometimes  possible  to  find  explicit microscopic  cracks  in 
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diamond (Fig. 2a). And finally, the third stage (N > 100) is 
characterised by the presence of a bell-shaped crater (Figs 2c 
and 2d), and the increasing number of pulses leads to a linear 
growth of  the crater depth, at  least until  the depth  is much 
smaller  than  the  crater diameter. An  increase  in  the  energy 
density in the laser spot is accompanied by the reduction of 
the first two stages. Thus, for the energy density F = 1.2 J cm–2 
(Fig. 1) the third stage begins nearly after 100 pulses, and for 
F = 8 J cm–2 it takes only 10 pulses to achieve a linear growth 
of depth.

The characteristic morphology of the crater bottom (see 
Fig. 2a), formed at the second stage of irradiation, in combi-
nation with microscopic cracks, shows that their origin is due 
to  the  explosive mechanical  destruction  of  the  near-surface 
region of diamond. The most probable reason for this destruc-
tion is the tensile stresses in diamond that arise around one or 
a  few  graphite  microinclusions,  produced  by  the  optical 
breakdown in the near-surface region. According to the col-
lected  experimental  data,  the  thickness  of  the  near-surface 
layer, inside which the optical breakdown can lead to the for-
mation of a crater, does not exceed 5 – 6 mm. Besides the crater 
depth, Fig.  1 presents  also  the data on  the variation of  the 
transmission of laser pulses (l = 1030 nm) in the irradiation 
spot,  normalised  so  that  the  local  transmission  before  the 
irradiation equals one. An important result  is that a signifi-
cant decrease in transmission is observed not only in the case 
of the surface crater formation, but also in the majority of the 
cases when the crater  is yet absent (the first and the second 
stage). It  is reasonable to suppose that this fall of transmis-
sion is caused by the optical breakdown relatively deep in the 
diamond,  where  the  material  cracking  around  the  arising 
graphite microinclusions [22] does not lead to the formation 
of a surface crater.

Thus, during the first and the second stages, a single break-
down or multiple ones seem to occur inside the diamond at 
different depths within the laser caustic. The total duration of 
these stages is determined by the mean duration of the ‘incu-
bation  period’  [22]  in  the  diamond  for  the  used  density  of 
energy. However, the increased local concentration of struc-
tural defects in individual regions of the polycrystalline dia-
mond is capable of significant acceleration of the creation of 
the  conditions  for  the optical breakdown.  In  this  case,  it  is 
statistically much more probable that such a defect region will 
appear beyond the thin near-surface layer. Apparently, this is 

the explanation of the fact that at the first stage the optical 
breakdown is not accompanied by the appearance of a crater 
at the surface.

When any kind of a crater is formed at the surface, its bot-
tom appears to be covered with thin graphite layer, which is 
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confirmed  by  a  change  in  the  Raman  spectrum  (Fig.  3a), 
namely, the appearance of the peaks D (~ 1380 cm–1) and G 
(~ 1570  cm–1),  characteristic  for  the  sp2-bound carbon  [23]. 
As a rule, both peaks have a very large width and their ratio 
indicates a very high degree of the sp2 phase amorphisation. A 
decrease in the diamond peak intensity (~ 1333 cm–1) in the 
process of irradiation is due to an increase in the thickness of 
the  laser-induced  graphitised  layer,  which  partially  shields 
both the transmission of the exciting laser radiation into the 
sample, and the exit of the scattered radiation from the sam-
ple. Keeping in mind the relatively small difference between 
the wavelengths  of  the  incident  radiation  and  the  scattered 
one and neglecting the reflection at the interfaces between the 
media, we can approximately estimate  the graphitised  layer 
transmission at the wavelength 488 nm (Tgr ). To this end, we 
compare the intensity of the diamond peak at the bottom of 
the crater (Igr ) and in the initial diamond (Iin ), namely, Igr = 
IinTgr

2 , and, therefore, Tgr = (Igr /Iin)0.5.

Typical  dynamics  of  this  parameter  variation  with  the 
growth of the number of pulses is presented in Fig. 3b, where 
it is compared with the already known dependence of the cra-
ter depth. During the second stage of irradiation that is easily 
identified by the appearance of craters with a large spread of 
depths, the transmission of the graphitised layer decreases to 
~ 0.2, which unambiguously confirms the growth of its thick-
ness. At the linear section of the depth growth (the third stage 
of crater formation) the transmission remains virtually con-
stant and, therefore, the thickness of the graphitised layer is 

almost  unchanged. Using  this  fact,  it  is  possible  to  assume 
that the transition from the random internal breakdowns to 
the steady-state surface graphitisation and ablation is deter-
mined  exactly  by  the  formation  of  a  sufficiently  thick  self-
maintaining graphitised  layer, which provides  the efficiency 
of the laser energy absorption at the surface, sufficient for the 
material evaporation.

To evaluate the thickness of the self-maintaining layer, we 
used the known data on the optical properties of nanocrystal-
line graphite (glassy carbon) [24, 25], since the spectroscopic 
results show the closeness of this material to the graphitised 
layer. From the value of the imaginary part of the refractive 
index of the glassy carbon (k = 0.74) for the energy of quan-
tum hn = 2 eV, we calculated the absorption coefficient at the 
wavelength l = 488 nm, a = 4pk/l = 1.9 ́  105 cm–1. Then we 
found the stabilised thickness of the graphitised layer at Tgr = 
0.2, dgr = – ln(Tgr)/a = 85 nm. The obtained value agrees with 
the data presented in Ref. [20], according to which the thick-
ness of  the graphitised  layer  irradiated by  femtosecond and 
picosecond pulses varies within the range 10 – 80 nm. Similarly 
one can evaluate the expected transmission of the graphitised 
layer for pulses having a duration of 1 ps (l = 1030 nm): if k = 
1.04 for hn = 1 eV [24, 25], then a = 1.27 ́  105 cm–1 and, there-
fore, Tgr = exp(– adgr) = 0.34. Thus, the self-maintained graphi-
tised layer provides a nearly threefold fall of the  laser pulse 
intensity  passing  through  it. Note  that  the  estimated  trans-
mission of the graphitised layer considerably exceeds the pre-
vious results of measuring the diamond transmission for l = 
1030 nm at the stage of the linear growth of the crater depth 
(Tgr = 0.05 – 0.25, see Fig. 1). Obviously, in the latter case the 
measured  quantity  was  integral  transmission,  affected  not 
only by the transmission of the surface graphitised layer, but 
also by the absorption or scattering of laser radiation by the 
local graphite microinclusions and cracks, arising due to the 
optical breakdown in the volume of diamond.

3.2. Ablation of diamond with an absorbing coating  
by picosecond pulses

The deposition of a titanium film on the diamond surface did 
not  considerably  affect  the  process  of  crater  formation  by 
picosecond  pulses. An  obvious  explanation  is  that  the  tita-
nium layer 0.3 mm thick, as a rule, was completely removed 
already by the first laser pulse, and the observations by means 
of optical microscopy and Raman spectroscopy did not allow 
detection of any damage or modification of the opened dia-
mond  surface.  The  fact  that  at  low  energy  densities  (F < 
1.3 J  cm–2)  two-to-three pulses were necessary  for  the com-
plete  removal  of  the  titanium  film  did  not  affect  the  final 
result anyway. The regularities of the subsequent irradiation 
(see  Fig.  4a)  completely  corresponded  to  the  above  three-
stage  scenario  including:  1)  the  absence  of  a  crater  and  a 
graphitised layer at the diamond surface; 2) the formation of 
a shallow crater with strong modulation of the bottom profile 
and a simultaneous decrease in the transmission of the laser-
induced graphitised layer to Tgr » 0.2; 3) the linear growth of 
the  crater depth with  the number of pulses with practically 
constant transmission of the graphitised layer. We emphasise 
that  the total duration of  the first and second stages  in this 
case appeared to be almost the same as in the case of irradiat-
ing uncoated diamond (for the same incident energy density). 
This observation confirms the fact that there is no modifica-
tion of the diamond surface, opened after the removal of the 
titanium coating.
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Figure 3. ( a ) Transformation of Raman spectrum with increasing num-
ber of pulses and ( b ) dependences of the crater depth and the transmis-
sion of the graphitised layer (l = 488 nm) on the number of pulses for 
ablation of uncoated diamond by pulses with t = 1 ps (F = 2.5 J cm–2).
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The initial transmission of the implanted graphite layer at 
the wavelength 488 nm is equal to zero (Fig. 4b). In the pro-
cess of ablation, the transmission gradually grows and reaches 
~ 0.35 in the maximum, when the crater depth becomes larger 
than  the  thickness  of  the  implanted  layer.  This  fact means 
that immediately after the removal of the implanted layer, the 
surface  of  the  diamond  appears  to  be  covered  by  a  laser-
induced graphitised layer, although its transmission is some-
what greater than the level typical for deep craters (i. e., Tgr » 
0.2). Thus, the use of an implanted graphite layer eliminates 
the  first  stage of  the  crater  formation, when  the damage of 
inner  regions of diamond  is most probable. From the mor-
phology of the studied craters, all of them having a bell-like 
shape, we concluded that the second stage is also absent in the 
present case, since the arising laser-induced graphitised layer 
hampers  the  optical  breakdown  in  the  near-surface  layer. 
Although the graphitised  layer requires a few tens of pulses 
for achieving the stable low level Tgr » 0.2, the dependence of 
the  crater  depth  on  the  number  of  pulses  is  close  to  linear 
starting from the first pulse.

3.3. Ablation of diamond with an absorbing coating  
by nanosecond pulses

It is known that ablation of uncoated diamond by nanosec-
ond pulses in the IR and visible range is determined by princi-
pally the same mechanisms and suffers from the same unde-
sired consequences as irradiation of diamond by picosecond 
pulses,  including  the  cracks  appearing  in  the  inner  regions 
and  the  abnormally  deep  explosion  caverns  at  the  surface. 

The  visible  enhancement  of  the  destructive  action  of  laser 
radiation under the transition from picosecond pulses to nano-
second ones (see Ref. [9]) is explained mainly by an increase in 
the optical breakdown threshold and a corresponding increase 
in the minimal used energy densities. Due to this fact and the 
high  threshold of  the optical  breakdown  (Fth >  40  J  cm–2), 
which significantly exceeded the maximal values of the energy 
density, available with the chosen focusing optics, no investi-
gation of the diamond ablation without a coating by pulses 
with t = 10 ns was carried out.

The experiments on ablation of diamond with a titanium 
coating revealed a new and interesting feature. The first nano-
second pulse  completely  removes  the metal  layer not  in  the 
centre, but in the ring area at the periphery of the irradiated 
region (Fig. 5). In the central part of the laser spot, the first 
pulse causes only melting and partial evaporation of the metal 
film. Summarising the data for several pulse energies, we found 
that the full removal of the metal film by the first pulse occurs in 
the narrow range of energy densities 0.7 J cm–2 < F < 1.6 J cm–2. 
However,  the  statistical  analysis  of  the  experimental  data 
shows that there is an almost 5 % probability that the metal 
will  be  removed  simultaneously  in  the  centre  and  at  the 
periphery of the laser spot, i. e., the condition F < 1.6 J cm–2 is 
not valid. At present, we can only suppose  that  the mecha-
nism of this full removal of the metal film (without damaging 
underlying  diamond)  by  a  single  nanosecond  pulse  in  the 
restricted range of energy densities is related to laser-induced 
thermoelastic stresses arising in the film.

The  diamond  surface  opened  after  the  first  pulse  looks 
undamaged  not  only  immediately  after  the  event,  but  also 
during the entire period of subsequent irradiation, in our case 

2.5

2.0

1.5

1.0

0.5

0
0 2 4 6 20 40 60 80 100

1.0

0.8

0.6

0.4

0.2

0

D
ep

th
/m

m
D

ep
th

/m
m

Number of pulses

Number of pulses

T
ra

n
sm

is
si

o
n

 o
f 

th
e 

la
ye

r
T

ra
n

sm
is

si
o

n
 o

f 
th

e 
la

ye
r

transmission
depth
t = 1 ps

Titanium

transmission
depth
t = 1 ps

Graphite

Ti layer

Graphite 
layer

2.0

1.5

1.0

0.5

0 10 20 30 40 50 60

1.0

0.8

0.6

0.4

0.2

0

a

b

Figure 4. Dependences  of  the  crater  depth  and  the  graphitised  layer 
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Figure 5. Images  obtained  by  an  optical  microscope  in  ( a )  reflected 
and ( b ) transmitted light for the results of irradiating titanium-coated 
diamond by a single pulse with t = 10 ns (F = 4.2 J cm–2).
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restricted to 100 pulses. For the total removal of metal in the 
central spot, a few laser pulses are required, and the surface of 
diamond free of metal appears to be coated by a graphitised 
layer, which is confirmed by the Raman spectra of the crater 
bottom.  The  transmission  of  the  graphitised  layer  immedi-
ately after  the removal of  the metal coating becomes estab-
lished at the level 0.1 – 0.15 and then only slightly varies in this 
range (Fig. 6a). Intense melting of metal  in the central spot 
leads to the formation of ‘waves’ on its surface, comparable in 
height with the residual thickness of the film. The ‘waves’ are 
‘transferred’ in the process of ablation to the graphitised sur-
face  of  diamond. Further  deepening  of  the  crater  does  not 
lead  to a noticeable growth of  the  surface  roughness at  the 
crater bottom.

In ablation of diamond with an implanted graphite layer 
by nanosecond pulses, the linear growth of the crater depth is 
observed from the very first pulses (Fig. 6b). Already after the 
first pulse, the transmission of the laser-induced graphitised 
layer appears to be close to the steady-state level (Tgr » 0.1), 
around which it oscillates during subsequent irradiation. The 
lower  level  of  transmission  for  nanosecond  pulses  as  com-
pared to picosecond ones (Tgr » 0.2) is most probably due to 
a greater thickness of the graphitised layer. This assumption 
agrees with the data of Ref. [20], where the mean thickness of 
the graphitised layer for pulses with t = 20 ns amounted to 
nearly 200 nm, against ~ 40 nm for picosecond and femtosec-
ond  pulses.  This  result  was  explained  by  the  fact  that  for 
nanosecond pulses the distance of heat wave propagation in 
the  material  considerably  exceeds  the  radiation  absorption 

depth in the graphitised layer. This fact determines both the 
leading role of the heat conduction mechanism in the forma-
tion of the graphitised layer and the greater thickness of this 
layer. On the contrary, in the case of ultrashort pulses, the heat 
transfer  from the surface  into the material can be neglected 
and the formation of the graphitised  layer  in the process of 
ablation is limited by the depth of radiation absorption.

3.4. Comparison of regimes

The comparison of the studied regimes of diamond laser abla-
tion, differing in the duration of laser pulses and the nature 
of the  initial absorbing  layer could be uncomplete without 
the data on the rates of the crater depth growth at the linear 
section  (Fig.  7).  In  combination  with  the  above  thorough 
analysis of the dynamics of crater formation and laser-indu-
ced graphitised layer, these data allow the following practical 
conclusions.

1. The deposition of an absorbing layer on the diamond 
surface practically does not affect the rate of its ablation by 
picosecond pulses, as well as the minimal energy density nec-
essary for ablation (~ 1 J cm–2). On the contrary, for nanosec-
ond  pulses  both  tested  absorbing  coatings  decreased  the 
threshold energy density for the initiation of ablation by more 
than an order of magnitude, from Fth > 40 J cm–2 to Fth ~ 
3 J cm–2.

2.  In  the presence of  an  absorbing  coating,  nanosecond 
pulses  provide  the  productivity  (ablation  rate)  by  nearly  5 
times higher than picosecond ones with the same value of the 
incident energy density.

3. For the diamond microstructuring by picosecond pulses, 
only  the  preliminary  graphitisation  of  the  diamond  surface 
allows one to avoid the  laser-induced breakdown  inside  the 
sample  because  of  the  fast  formation  of  a  self-maintained 
graphitised  layer.  However,  keeping  in  mind  the  relatively 
high transmission of this layer (by estimates, ~ 34 % for l = 
1030 nm), the energy density in this case should not stron-
gly exceed the optical breakdown threshold  in the diamond 
volume.

4.  The  considerable  reduction  of  the  ablation  threshold 
mentioned  above  for  nanosecond  pulses,  when  using  both 
titanium and graphite coatings, allows  the microstructuring 
of  the  diamond  surface  at  the  energy  densities much  lower 
than the optical breakdown threshold, which ensures the absence 
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of internal laser-induced damages. Note that although the tech-
nology of diamond surface metallisation is simpler and cheaper 
than the formation of a graphite surface layer, the removal of 
the metal  layer  by  the  first  laser  pulse  from  the  peripheral 
region of the laser spot can be a problem in the case of beam 
scanning  over  the  diamond  surface.  Therefore,  additional 
studies are necessary to clarify the optimal composition of the 
initial absorbing layer.

4. Conclusions

We  have  demonstrated  that  the  preliminary  deposition  of 
absorbing layers on the diamond surface is an efficient met-
hod of improving the quality and productivity of pulsed laser 
ablation  processing  of  this  material.  It  is  found  that  the 
implantation  graphitisation  of  the  diamond  surface  allows 
one to accelerate the formation of a self-maintaining graphi-
tised layer under irradiation by IR picosecond pulses. When 
using  IR  nanosecond  pulses,  the  absorbing  coating  (both 
metal and graphite) affects the process of diamond ablation 
even stronger, decreasing the ablation threshold by more than 
an order of magnitude. This allows diamond to be processed 
at  energy  densities  below  the  optical  breakdown  threshold, 
which excludes the laser-induced damage of deep regions of 
diamond  and  uncontrolled  explosive  ablation  in  the  near-
surface layer. The obtained results have important practical 
significance,  offering  new  prospects  of  using  nanosecond 
lasers for fabricating diamond microstructures.
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