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Abstract.  We present images of microholes drilled in diamond 
using a homemade femtosecond Yb : KGW laser. We use a femto-
second laser source emitting pulses with a duration of 230 fs at a 
wavelength of 1030 nm, the focusing spot size amounting to 8.9 mm. 
The effect of the pulse energy and the number of pulses on the 
microhole geometry (hole diameter, circularity, taper angle, and 
drilling quality) is evaluated. The obtained results demonstrate the 
feasibility of drilling of hourglass-shaped holes in a diamond sam-
ple, which have similar diameters at the hole entrance (92 mm) and 
exit (95 mm), but a much smaller diameter (28 mm) at a certain 
waist section inside the hole.

Keywords: femtosecond laser, ultrafast laser, laser micromachin-
ing, laser drilling, diamond.

1. Introduction

Diamond is a distinctive material showing a variety of unique 
properties [1]. It is not only transparent in UV, visible and IR 
regions, but also has a high thermal conductivity greater than 
20 W cm–1 K–1 at room temperature. Besides, it has unique 
radiation stability, chemical inertness, biocompatibility and a 
number of other important features, which determine numer-
ous applications of this material. Microholes in diamonds 
with different diameters and taper angles at different hole 
depths have various applications. In particular, hourglass-
shaped microholes whose diameters decrease and increase 

again after a certain depth can be applied to diamond dies for 
drawing. 

Laser machining [2] is one important method to produce 
microholes and has several advantages such as high spatial 
resolution, no mechanical drilling-tool wear problem, good 
flexible shape, etc. Nanosecond lasers are traditionally used 
for drilling through holes. However, nanosecond pulses are 
too long when compared to the characteristic duration of 
laser radiation interaction with the materials. When nanosec-
ond pulses are employed for drilling, the materials are heated 
relatively slowly, energy has much time to diffuse into the sur-
rounding area before the affected spot is heated enough for 
the material removal, which produces a large heat affected 
zone (HAZ) [3]. 

Laser processing with femtosecond laser pulses can ion-
ise a wide range of materials due to a high peak power and 
multiphoton absorption generated in the laser focus region 
and generate hot plasma at the interface while minimising 
HAZ [4]. Since the material is processed only in the vicinity 
of the focus point above the ablation threshold, it enables 
micromachining. High intensities within the focus volume 
result in multiphoton or tunnelling ionisation and subsequent 
avalanche ionisation. Substantial plasma generation and 
absorption enable the ablation of materials, such as trans-
parent or low absorption materials, that are normally diffi-
cult to ablate by conventional lasers. This gives the unique 
capability of transparent material processing using a femto-
second laser [5, 6]. 

Diamond has been previously processed by a microsecond 
pulsed Nd : YAG laser and a nanosecond excimer laser [7]. 
Some aspects of diamond processing are described elsewhere 
[8 – 11]. To the best of the authors’ knowledge, this paper is 
the first to study the method of drilling of hourglass-shaped 
holes with an unusually varying diameter in the hole depth in 
a diamond sample using a femtosecond laser.

2. Materials and methods

The schematic of a femtosecond laser-induced microdrilling 
system is shown in Fig. 1. The optical configuration of the 
system ensures the femtosecond laser beam delivery, optical 
imaging, and machining of the material. The system was 
extended based on a homemade femtosecond Yb : KGW 
chirped pulse amplification (CPA) laser [12, 13]. The laser has 
an average power of up to 10 W, a pulse duration of 230 fs, 
and a tunable pulse repetition rate from 50 kHz up to 500 kHz 
at a centre wavelength of 1030 nm. The output beam is a 
nearly symmetric Gaussian with М 2 < 1.2, and the maximum 
output pulse energy is 200 mJ. The pulse energy is controlled 
by the combination of a thin-film polariser and a half-wave 
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plate mounted on a motorised rotation stage. The laser beam 
is magnified twice and reflected by a dichroic mirror and then 
it is focused at the sample by an objective lens (M Plan Apo 
NIR, 10´, NA = 0.26, Mitutoyo Co.). The size of the focal 
spot is about 8.9 µm. 

The sample position was monitored with a computer con-
trolled 5-axis translation stage: along three high precision lin-
ear translation axes (X, Y, Z ) and around two rotation axes 
(C, R). The X and Y axes were perpendicular to the direction 
of laser pulse propagation in diamond and the Z axis coin-
cided with this direction. One of the rotation axes, C, was 
used for controlling the angle of the laser pulse incidence on 
the sample surface and for turning the front and rear of the 
sample surface. Another rotation axis (R) was used for sam-
ple processing upon its rotation at a speed of up to 1000 rpm. 
An electro-optic modulator in the CPA laser was used as a 
laser pulse shutter and was synchronised to the machining 
system. 

After laser machining, the micro-topography of the drilled 
holes and cut features were characterised by an upright digital 
microscope. Then the detailed surface quality was measured 
and studied by a scanning electron microscopy (SEM). The 
basic materials used in this study were natural 360 mm to 
420 mm thick diamonds mounted on the stainless steel holder 
supplied by the GK UP company. 

3. Results and discussions

All experiments were performed at a pulse repetition rate of 
500 kHz. First, we determined the focal plane position, where 
it coincided with the sample surface. The laser spot of the 
smallest machined area was designated as the focus position 
of the camera. Figure 2a shows the dependence of the abla-
tion region diameter on the focal plane position (FPP) with 
respect to the sample surface. One can see that the ablation 
region diameter increases as the focal plane moves away from 
the sample surface. To determine the diamond ablation 
threshold, corresponding to the minimal energy required to 
initiate material removal, we measured the dependence of the 
size of the machining area on the laser fluence at the focus 
position on the sample surface (Fig. 2b) [14]. The extrapola-
tion to zero of the linear fit yields the ablation threshold, 
which is 0.27 J cm–2. 

Above or below the front surface, the FPP was considered 
as positive or negative, respectively (Fig. 3). The FPP was set 
positive to prevent the laser action on the inner layers of the 
material due to the low numerical aperture of the objective 
lens used in the experiment and to avoid the sample cracking 
caused by the laser heating. 

Figures 4b and 4c show the SEM images of the drilled 
front and rear holes in diamond, respectively. Figure 4a shows 
the geometry of the hole. The laser output fluence was 
3.1  J  cm–2. After cleaning the samples, the quality of the 
machined holes was evaluated. The taper angle q of the holes 
in diamond was measured as follows:
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Figure 1.  Schematic of the setup for microhole drilling: (TL) tube lens; (DM) dichroic mirror; (OL) objective lens.
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Figure 2.  Dependences of (a) the ablation region diameter on FPP with 
respect to the sample and (b) ablated region area on fluence for dia-
mond processed using a femtosecond laser.



203Drilling of sub-100 mm hourglass-shaped holes in diamond with femtosecond laser pulses

. tan
t

D D
0 5

2
ent exit1q =

-- d n,

where Dent is the entrance hole diameter, Dexit is the exit hole 
diameter, and t is the thickness of the diamond sample. The 
holes had diameters Dent =  193 mm and Dexit = 34 mm in a 
420  mm thick diamond sample, which corresponds to q  = 
20.7°. Figures 4b and 4c show the drilled holes that have good 
circular geometry for both entrance and exit sides and exhibit 
no microcracks or thermal damage. It can be observed that 
with the increase in laser power, the taper angle has been 
increased slightly along with the increment in both entrance 
and exit diameters of the fabricated microholes. 

Figure 5d shows the geometry of the hourglass-shaped 
hole. Figures 5a and 5b show SEM images of the drilled front 
and rear holes in diamond. Efforts were made to align the 
axes of the laser and the 5-axis stage to produce an hourglass-
shaped hole. The front centre was aligned with the X, Y, Z 
axes and with the rotation around the R axis. After recording 
the X, Y, Z coordinates, the sample was rotated around the C 
axis to show the back surface of the diamond on the camera. 
Once again, the stage was used to find the back centre and 
coordinates were recorded. The front side of the hourglass 

was processed sequentially, and the stage was rotated to the 
preset coordinates, and then the back side processing was per-
formed. The laser fluence used here was equal to 2.1 J cm–2. 

In order to produce tapered holes on the front and back 
surfaces of the sample, the depth where the radius of process-
ing was the smallest, was determined using a microscope. The 
diameters of the front and rear holes were 92 mm (Dent) and 
95  mm (Dexit), respectively. The diameter of the hole at the 
waist, Dwaist, was 28 mm and the thickness of the used sample 
(ttotal) was 420 mm, of which the depth from the entrance to 
the waist was tent = 205 mm and the depth from the exit to the 
waist was texit = 215 mm. Both the entrance and exit side taper 
angles (qent, qexit) were measured as follows:
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ent exit waist1q =
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Both taper angles were equal to 16.7°. 
Smooth surfaces are generally preferred for precision 

machining. Figure 5c shows the SEM image of the surface of 
the drilled hole in diamond. One can see a ripple for which the 
spacing is generally < 200 nm. The orientations of the ripple 
structures are parallel to each other. A similar ripple structure 
has been observed in various materials in the case of femto-
second laser drilling [15, 16].

It took four minutes to drill an hourglass-shaped hole in 
diamond. When machining holes of the same size, using fem-
tosecond lasers generally takes longer to process than using 
nanosecond lasers, but clean and smooth holes are produced 
in this case. It is important to note that the actual turnaround 
time is shorter because it eliminates the need for post-process-
ing in industrial applications. Also, when drilling with nano-
second and picosecond lasers, cracks are clearly visible 
around the exit side of the nanosecond laser perforations, and 
both the nanosecond and picosecond laser perforations show 
thermal damage [17]. The difference is mainly due to the fact 
that the femtosecond laser pulse duration is ultrashort com-
pared to the timescale for thermal diffusion into the material. 
The accumulation of heat and mechanical stress on the mate-
rial is greatly suppressed. The ability to drill such holes and 
hole arrays with consistent regular shape using femtosecond 
lasers is promising and remarkable due to the deterministic 
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Figure 4.  (a) Geometry of the hole and SEM images of (b) front and (c) 
rear holes.

Sample

Dexit

Dwaist

Dent

qent

qexit

tent

t t
o

ta
l

teixt

a

c

b

г

20 mm 20 mm

500 nm

Figure 5.  SEM images of the drilled (a) front and (b) rear holes in dia-
mond as well as (c) entrance side of the hole and (d) geometry of the 
hourglass-shaped hole.
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nature of femtosecond laser – material interaction. Further 
improvement of the taper angle and aspect ratio can be 
achieved by using liquid-assisted rear side drilling [18, 19].

4. Conclusions

Femtosecond laser drilling is performed using a homemade 
Yb : KGW CPA system. Studies are presented on femtosec-
ond laser drilling of small microholes with unusually varying 
diameters at different hole depths like an hour-glass shape 
hole. Drilling experiments are performed using natural dia-
mond ablated with pulses having a duration of 230 fs, a pulse 
repetition rate of 500 kHz, and pulse energies from 1.25 mJ to 
12.5 mJ at a wavelength of 1030 nm. Debris-free microholes 
with no thermal damage are produced in natural diamond. 
This laser drilling technique can be applied in the fabrication 
of microfluidic devices, photonic devices, sensors, and bio-
medical devices.
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