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Abstract.  We report an experimental study of ablation of hexago-
nal boron nitride ceramics irradiated by 193- and 248-nm laser 
pulses. The dependences of the material removal rate and the crater 
wall slope on the energy density in the irradiation spot are obtained. 
An ablation regime is found, when the material removal rate 
reaches 5 mm per pulse, which is not typical of nanosecond laser 
radiation. It is shown that at relatively low radiation intensities 
(about 5 – 10 J cm–2), the slope angle of the formed crater wall does 
not exceed 20°. 

Keywords: refractive optics, X-ray, UV laser radiation, laser abla-
tion, boron nitride, ceramics. 

1. Introduction 

Recently, boron nitride  (BN) has been studied very closely, 
which is associated with broad prospects for its use in optics 
and electronics. Boron nitride  is a wide-gap semiconductor, 
has high thermal conductivity, chemical and temperature sta-
bility, extreme mechanical hardness, and high melting point. 
Boron nitride is iso-electronic to carbon and, like it, exists in 
several  allotropic  modifications,  as  well  as  in  amorphous 
form.  The most  common  and  easily  synthesised  crystalline 
form  of  boron  nitride  is  hexagonal  boron  nitride  (h-BN), 
which has a graphite-like structure. However, with the use of 
h-BN, the existing epitaxial growth technologies of large sub-
strates of high crystalline quality, which are necessary for the 
practical use of boron nitride in real devices, are still far from 
perfect.  Boron  nitride  is  currently  available  mainly  in  the 
form  of  ceramics.  Difficulties  in  micro/nano  surface  treat-
ment of BN substrates are also a significant deterrent to the 
wide use of this material. 

Despite  these  problems,  the  unique  properties  of  boron 
nitride stimulate the study of its properties and new ways of 
application. For example, of special attention is the produc-
tion of single-photon emitters  in single-layer and multilayer 
h-BN films, which can work effectively at room temperature, 
thus  opening  up  new  possibilities  in  the  design  of  photon 

structures  [1 – 3].  Considerable  efforts  are  directed  to  the 
synthesis and study of hexagonal nanotubes [4] and mono-
layers [5].

Interest in laser processing of boron nitride is due to the 
prospect of  its use as a material  for  refractive optics of  the 
X-ray range (1 – 100 keV) [6]. It is known that the lower the 
ratio of the X-ray absorption coefficient for a given material 
to its density, the more efficient the lens of this material will 
work [7]. Since this ratio is in the first approximation propor-
tional  to Z3/(&w3)  (Z  is  the atomic number of  the  element, 
and &w is the photon energy), only light elements are suitable 
for  this  purpose.  Traditionally,  refractive  X-ray  lenses  are 
fabricated  from  beryllium  and  aluminium  [7];  nevertheless, 
synthetic diamond  is gradually  increasing  in use  [8].  In  this 
case, boron nitride can be competitive with them, but to do 
this, the above problems of synthesising and processing BN 
substrates must be solved. 

Requirements to the processing of a substrate in the man-
ufacture of X-ray lenses are governed by its design, which, in 
turn, is determined by the optical properties of the solid in the 
X-ray  range.  The  refractive  index  n  of  the  medium  in  this 
region of the spectrum is less than unity; therefore, the sim-
plest  focusing element  is a concave spherical  lens. Since  the 
X-ray refraction is very small (n » 1 – 10–6), in order to obtain 
a noticeable focusing effect, a set of  lenses  is produced, one 
after the other along the optical axis [6]. Such a focusing ele-
ment  is a  set of  cylindrical holes drilled along one  line  in a 
plane-parallel plate. When X-rays propagate along this line, 
the element works as a cylindrical lens. 

In this paper, we investigate the possibility of using laser 
ablation for perforation of h-BN ceramics. It should be noted 
that the study of the features of the intense radiation – boron 
nitride  interaction  was  mainly  focused  on  the  problems  of 
laser deposition [9, 10], including research on the laser torch 
[11], mutual transformation of its allotropes [12], synthesis of 
nanostructures [4, 13, 14] and photosimulation of the surface 
[3, 15, 16]. At the same time, data on laser microprocessing 
and profiling of BN targets are of rather limited, often quali-
tative character [17]. Today, ablation by a nanosecond CO2 
laser (l = 9 – 10.6 mm) [18], a picosecond Nd : YAG laser (l = 
1064 nm) [19] and a femtosecond Ti : sapphire laser (l = 790 
nm) [20] is studied well. In the first case, the transfer of pulse 
energy occurs due to lattice absorption, and in the second and 
third cases it is due to nonlinear absorption. We failed to find 
data on ablation of boron nitride by nanosecond UV radia-
tion, which should be most effective from the point of view of 
drilling and cutting of thick plates. In this paper, we bridge 
this gap and describe the results of ablation of the h-BN sur-
face by using UV radiation from an excimer laser.
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2. Experiment 

In the experiments, we used h-BN ceramic tablets sintered at 
a temperature of 200 °C and a  pressure of 0.6 GPa. The thick-
ness  of  the  tablets  was  2  mm;  the  surface  roughness  was 
~2 mm.

The target surface was subjected to UV radiation from an 
excimer  laser  (CL7100  model,  Physics  Instrumentation 
Centre, A.M. Prokhorov General Physics Institute, Russian 
Academy  of  Sciences),  emitting  nanosecond  pulses  (l  = 
15 ns). The laser wavelength was determined by the composi-
tion of the working mixture: 248 nm for the KrF mixture and 
193 nm for the ArF mixture. The laser pulse energy reached 
400 mJ at a pulse repetition rate of up to 100 Hz. In the exper-
iments described, the  laser served as a radiation source  in a 
projection  optical  system,  uniformly  illuminating  a  square 
mask. Then the mask image demagnified by a factor of 20 was 
projected onto the sample surface with a short-focus lens hav-
ing  a  numerical  aperture  NA  =  0.15.  Since  UV  radiation 
experiences  significant  absorption  in  the  air  [21],  the  laser 
energy was measured directly in front of the sample. The size 
of  the  laser  spot  was  100 – 200 mm.  In  this  case,  the  local 
energy  density  on  the  sample  surface was  constant within 
the  irradiation  spot  and  reached ~30  J  cm–2.  The  experi-
ments were carried out by varying the energy density in the 
range from 0.1 to 30 J cm–2 and the number of laser pulses 
from 1 to 200000.

Optical as well as scanning electron microscopy was used 
to analyse the surface after laser irradiation. Measurements of 
the surface etching depth were carried out using 50´ and 100´ 
lenses. The data presented below took into account only rela-
tively  deep  craters,  over  10  mm.  Each  measurement  was 
repeated several times to minimise errors. The total measure-
ment error of the crater depth was about 2 mm (20 % for small 
craters). 

3. Results and discussion 

The advantages of nanosecond laser pulses are the high mate-
rial removal rate and the energy efficiency of the process. The 
disadvantages (in particular, for metals) include the low qual-
ity of processing, which is mainly due to the material melting 
in  the  impact  zone  and  the  complex  hydrodynamics  of  the 
melt  during  its  cooling  and  recrystallisation.  In  our  experi-
ments, no trace of the melt on the surface of boron nitride 
was found either in the ablation zone or in its vicinity. This 
observation is consistent with the results of other works that 
either  indicate  the absence of melting or do not confirm  its 
presence for a wide range of irradiation intensities and dura-
tions [18, 20]. 

Figure  1  shows  the  dependences  of  the  ablation  crater 
depth on the number of irradiation pulses at a wavelength 
of 248 nm. One can see that at relatively low energy densities 
(F ~ 10 J cm–2) the ablation rate reaches several micrometers 
per pulse. As far as we know, such extreme ablation rates of 
boron nitride have been observed for the first time. In previ-
ous works with energy densities of 10 – 100 J cm–2, the maxi-
mum ablation rates were less than 0.5 mm per pulse [18, 20]. 
Note  that  the material  removal rate begins  to  fall when the 
crater reaches a depth of approximately 50 – 60 mm, which is 
apparently due to the gradual development of roughness at its 
bottom (see inset in Fig. 1). 

The dependences of the etching rate r at the h-BN ceram-
ics surface on the energy density F are shown in Fig. 2. For 

both wavelengths (193 and 248 nm), the ablation curves con-
sist of  two  sections,  each of which  is  close  to a  logarithmic 
dependence:  r  =  L0ln(F/Fth),  where  Fth  characterises  the 
threshold energy at which ablation develops, and L0 is deter-
mined by the layer thickness heated during a pulse. The first 
ablation regime with a heating depth of 100 – 200 nm and a 
threshold of about 0.3 – 0.5 J cm–2  (depending on the wave-
length) is realised at F < 1 – 2 J cm–2. At F > 1 – 2 J cm–2, the 
second regimes  is observed, characterised by a much higher 
value of L0 (700 – 2000 nm) and, as a result, by extreme rates 
of material removal. A sharp increase in the roughness of the 
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Figure 1. Dependence of the crater depth D on the number N of laser 
pulses at F = ( 1 ) 8.3 and ( 2 ) 18.1 J cm–2. The inset shows an example of 
the target surface relief after laser irradiation. 
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Figure 2. Ablative dependences of h-BN ceramics  irradiated at wave-
lengths of (a) 193 and (b) 248 nm. The solid lines are the function r ~ 
L0ln(F/Fth). 
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bottom and walls of the crater during the transition from the 
first ablation regime to the second one was not observed. The 
exact values of Fth  and L0  for  each of  the  regimes  for both 
wavelengths are shown in Fig. 2. 

It  is  generally  accepted  that  in  the  case  of  nanosecond 
radiation, the depth of heating of the material in the ablation 
zone  is  determined  by  the  depth  of  thermal  diffusion.  For 
ceramics of hexagonal boron nitride, the thermal diffusivity 
coefficient c can be estimated based on the value of the ther-
mal conductivity coefficient taken for the h-BN crystal with 
crystal  lattice  layers  perpendicular  to  the  heat  flux:  k  = 
30 W mK–1. Then, c » 0.18 cm2 s–1, and the depth of thermal 
diffusion at a time t = 10 ns is  ct  » 400 nm, which agrees 
with the L0 values measured for the first ablation regime. 

Note also that the values of L0 for different wavelengths 
differ by half. If we assume that the depth of radiation absorp-
tion in the target is comparable to the depth of thermal diffu-
sion,  then  this  difference  corresponds  to  different  optical 
absorption coefficients at wavelengths of 193 and 248 nm. It 
is difficult to assess the validity of this assumption, since the 
optical  properties  of  h-BN  are  not  fully  investigated.  For 
example, the band gap for hexagonal boron nitride varies in 
the literature from 3.6 to 7.1 eV [22]. 

The mechanism of the regime of extreme ablation rates is 
much less clear. Note that this behaviour of BN ceramics was 
observed previously. Daniel et al. [19] demonstrated a sharp 
increase  in the ablation dependence obtained under  irradia-
tion  of  cubic  boron  nitride  (c-BN) with  picosecond  pulses. 
Further research is needed to understand this ablation regime. 
At this stage, among the possible reasons, we will distinguish 
a higher thermal conductivity of the intergranular binder in 
ceramics, which should lead to deeper heating and enhanced 
ablation, starting from some certain threshold pulse energy. It 
is  impossible  to  exclude  the  influence  of  the  shock  wave, 
which  increases  the  mechanical  destruction  in  the  ablation 
zone, especially along the boundaries of the crystals. Finally, 
c-BN ceramics may be characterised by an effect of enhanced 
optical absorption at the microcrystal boundaries, which also 
contributes to the removal of the material with whole grains. 
Note that the above-described development of roughness at 
the bottom of a deep crater and the supposedly related effect 
of reducing the ablation rate (see Fig. 1) were observed only 
in  the  regime of  extreme  rates, which  is  consistent with  the 
hypothesis  of  h-BN  ceramics  thermoelastic  fracture  along 
intergranular boundaries. 

An important factor from the point of view of producing 
an X-ray  refractive  element  is  the verticality of  the  channel 
walls during plate cutting. Figure 3 shows the dependence of 
the slope of the ablation crater wall on the laser energy flux 
density. It can be seen that the slope is rather small (f < 20°) 
and weakly depends on the radiation intensity. At the same 
time, to obtain an almost vertical wall, relatively low radia-
tion  intensities are necessary. For comparison,  in diamond, 
the slope of the crater wall is 20 – 30° with an energy density in 
the beam of about 12 J cm–2 (see Fig. 3). Qualitatively, this 
behaviour  can  be  explained  in  the  framework  of  a  simple 
approach, which takes into account a decrease in energy flux 
with increasing angle of radiation incidence. In this approxi-
mation, the formed slope angle will be determined by the ratio 
of the laser energy density on the wall and the ablation thresh-
old: Fcos(90° – f) = Fth. Figure 3  shows  the corresponding 
curves for h-BN ceramics (FthBN = 0.32 J cm–2) and diamond 
(Fthdiam = 2 J cm–2), which demonstrate qualitative agreement 
with the experiment.

4. Conclusions 

We  have  studied  the  ablation  characteristics  of  hexagonal 
boron  nitride  ceramics  irradiated  by  193-  and  248-nm UV 
laser pulses.

We have found that in both cases, the dependences of the 
etching rate on the energy density has two sections that char-
acterise different mechanisms of energy penetration into the 
material.  When  the  density  of  the  laser  energy  is  below 
1 – 2 J cm–2, the depth of heating is approximately 100 – 200 nm 
and is determined by the thermal conductivity of hexagonal 
boron  nitride.  At  higher  energy  densities,  the  penetration 
depth is 700 – 2000 nm. In this case, the ablation rates of the 
material reach 1 – 5 mm per pulse, which is generally not typi-
cal of nanosecond radiation. We have also shown that due to 
the low ablation threshold (about 0.3 – 0.5 J cm–2, depending 
on the wavelength), the crater wall formed during drilling of 
boron nitride at relatively low beam intensities is close to ver-
tical (f < 20°), which opens up interesting prospects for laser 
processing of thick BN plates, in particular when forming the 
profile of X-ray elements. 
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