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Fabrication of beam homogenizers in quartz by laser micromachining
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Abstract
The combination of gray tone phase masks with a laser-based wet etching process can be applied as a one step micromachining process.
This technique utilizes a XeCl excimer laser and an absorbing liquid which is in contact with quartz. Microstructures with continuous
profiles, such as plano-convex microlenses in quartz, can be created with laser fluence well below the damage threshold of quartz. The
roughness of the etched features varies from several micrometers to below 10 nm, depending on the laser fluence and applied absorbing
solution. The etch rates of quartz using different organic solutions such as pyrene in acetone or pyrene in tetrahydrofurane reveal a complex
behavior, suggesting that several processes dominate at various laser fluences.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Fused silica is one of the most widely used materials in
optics, due to its transparency over a wide wavelength range,
strong damage resistance for laser irradiation, and good thermal and chemical stability. Arrays of micro-optical components, such as plano-convex or Fresnel lenses are usually
used as beam homogenizers for high power lasers. Homogenization of the laser beam intensity is usually achieved using these optical elements, either in the form of microlens
arrays [1] or a random phase plate (RPP) [2,3], in combination with a plano-convex lens. The homogenization of the
beam intensity is obtained at the focus of the field lens originating from the superposition of the beams from each individual lens of the array [4]. The conventional method for
the fabrication of microstructures with continuous profiles
in quartz is photolithography followed by the subsequent
transfer of the resist profile into the substrate by reactive
ion etching [5]. However, this technique requires excellent
control of the exposure dose, resist characteristics, and the
proportional etching process. Quartz can be also structured
by vacuum UV lasers (VUV) [6] or by utilizing ultrafast
lasers [7]. The VUV lasers require an experimental setup
where vacuum or an inert gas is used in the beam path, and
expensive VUV transparent focusing optics. The femtosecond laser micromachining process is a slow process, which
consist of a sequential scanning technique [7].
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Yabe and coworkers have developed and investigated a
method for micromachining of fused silica and other UV
transparent materials, such as CaF2 , and sapphire [8–13]
using standard excimer lasers. This one step micromachining technique, named laser induced backside wet etching
(LIBWE), allows precise structuring of UV transparent materials with laser fluences well bellow the ablation or damage
threshold of the UV transparent dielectrics. The idea behind
this method is based on the strong absorption of the laser
light by an organic solution which is in contact with the UV
transparent dielectric material. The vibrational relaxation of
a dye molecules generates a temperature jump [14] at the
solid–liquid interface, which results in softening or melting
of the UV transparent dielectric glasses and evaporation of
the solvent. The evaporation of the solvent forms a bubble
which expands rapidly and collapses after a certain time.
This collapse creates a pressure jump which may play an
important role in the etching of the UV transparent materials by LIBWE. A different approach for the fabrication of
three-dimensional microstructures with continuous profiles
(such as Fresnel type microlenses) in polymers was developed by David et al. [15]. The key element for this process
is a diffractive gray tone phase mask (DGTPM) which is
applied to modulate the incoming laser beam intensity. The
modulated beam intensity is projected onto the polymer surface where the three-dimensional structures are formed by
direct laser ablation. The combination of LIBWE with the
projection of a DGTPM opens a new way to fabricate well
defined three-dimensional structures with continuous profiles in quartz and in other brittle dielectric materials, such
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as CaF2 [16,17]. Here we report etching of quartz with the
solutions of pyrene in acetone and pyrene in tetrahydrofurane (THF). The thermodynamical properties (such as boiling point, heat capacity) of acetone and THF are comparable, but the solubility of pyrene is much higher in THF than
in acetone. A random phase plate and array of micro-lenses
fabricated in quartz by LIBWE were tested as beam homogenizers for a high power quadrupled Nd:YAG.

into the quartz. The etching of the microstructures with continuous profiles was carried out with the variable incident
laser fluence from 1.3 to 2.6 J cm−2 , which was modulated
by the DGTPM, and 80 pulses. The area of the etched features in quartz was 0.5 mm × 0.5 mm. The depth profiles of
the etched areas in quartz were measured with a profilometer (DEKTAK 8000).

3. Results and discussion
2. Experimental
Quartz plates with a thickness of 0.5 mm and surface
roughness of about 5 nm were used as samples. A XeCl excimer laser (308 nm, FHWM 30 ns, Lambda Physics) was
applied as irradiation source. The laser beam intensity was
controlled by a computer controlled attenuator. The repetition rate of the laser was 4 Hz. Several organic solutions
were used as etching media, i.e. pyrene in acetone with a
concentrations of 0.2 and 0.4 M and pyrene in tetrahydrofurane with a concentration of 0.4–1 M pyrene. One side of
the quartz was in contact with the solution while the irradiation was performed through the other side, as shown in
Fig. 1. The diffractive gray tone phase masks (DGTPM’s)
were fabricated by e-beam lithography and reactive ion etching [15]. A refractive doublet lens (10× or 20× demagnification) was used for transferring the image of the DGTPM

Fig. 1. Scheme of the experimental setup for the fabrication of
micro-optical elements in quartz.

The etching of quartz by LIBWE shows a behavior similar to conventional laser ablation, where a threshold fluence exists and below this threshold no etching occurs. The
threshold fluences for quartz at different pyrene in acetone
and pyrene in THF concentrations are obtained experimentally by measuring etch rates at various laser fluences (shown
in Fig. 2A and B). The thresholds for quartz using different etching media (pyrene in acetone and pyrene in THF)
and different concentrations of pyrene are summarized in
Table 1. The two different threshold fluences in the table
correspond to different etching processes, which occur at
different fluence ranges. At low laser fluences the etching of
quartz did not start with the first laser pulse. This behavior is
usually termed incubation, which is described in more detail
below. The threshold fluence without incubation is defined
as the fluence, above which the etching of quartz starts with
the first laser pulse. These fluences were determined from
measurements of the etch depth as a function of the pulse
number [17]. The threshold fluences without incubation are
higher compared to the thresholds determined for etching
including incubation. This suggest that different processes
dominate in the different fluence ranges (marked as 1 for
incubation and 2 without incubation in Fig. 2A and B), as
described in detail below. The decreasing thresholds and increasing higher etch rates of quartz (Table 1 and shown in
Fig. 2A and B) for different concentration of pyrene in acetone and THF can be explained by an increase of the laser

Fig. 2. Etch rate vs. laser fluence using a pyrene–acetone solution (A) and a pyrene–THF solution (B) as etching media. Number of incubation pulses
at given fluences for 0.4 M pyrene in acetone solution: 0.75 J cm−2 , 1000 pulses; 0.88 J cm−2 , 800 pulses; 1.05 J cm−2 , 250 pulses.
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Table 1
The etching thresholds for quartz using different etching media (pyrene
in acetone and pyrene in THF) and different concentrations of pyrene
Concentration of
pyrene (M)

Threshold fluence
without incubation
(J cm−2 )

Threshold fluence
with incubation,
Finc (J cm−2 )

Pyrene in acetone
0.2
0.4

1.4
1.2

0.7

Pyrene in THF
0.4
0.6
1

1.5
1.3
1.1

induced temperature (as shown in Fig. 3 for the pyrene in
acetone case) with increasing pyrene concentration resulting
in a thinner absorption layer at the quartz–liquid interface.
The different etch rates for pyrene in acetone compared to
the same concentration of pyrene in THF may be explained
by the fact that acetone has an absorption at the applied laser
wavelength while THF is transparent. The nonradiative relaxation of the excited pyrene molecules generates a temperature jump, which results in softening of the quartz. The
next step after softening/melting of quartz is the removal
of the quartz. A possible mechanism for the removal of the
molten quartz from the surface is based on the fact that the
laser induced temperature exceed the critical point of the
solvent (around 400 K for acetone), which results in boiling
of the liquid. The evaporation of the solvent forms a bubble, which expands rapidly, followed by an collapse after
a certain time [20]. The pressure wave created by the bubble collapsing may remove the molten quartz by mechanical
force [21]. The described etching process may be different
at high fluences (shown as a fluence range 3 in Fig. 2A and
B). Here, the laser induced temperature (which is shown in
Fig. 3) calculated by a model from Fukumura and Masuhara
[14], is very high and the etching in this fluence range may
be assisted by the creation of a plasma. Plasma etching of
the fused silica has been reported previously [22]. This may

Fig. 3. Calculated temperature jump at the quartz–liquid interface using
a pyrene in acetone solution.

Fig. 4. Raman spectra of the carbon deposits in the etched areas. Spectra
are shown for low fluences (0.75 J cm−2 ), where the incubation is observed
and for the high fluences (1.5 J cm−2 ) where no incubation is observed.

also explain the strong increase of the etch rate. Another
process is observed in the low laser fluence range, where
incubation [9,11,12,17,18] is observed. The incubation effect corresponds most probably to a more efficient absorption of the laser energy, which may suggest two different
processes: (i) an increase of the absorption of the quartz
probably due to the creation of color centers [17]; (ii) decomposition of pyrene or the solvent, which results in the
formation of carbon that adheres to the quartz surface. The
adhesion of black particles in sapphire, which was structured
by LIBWE, using pyrene in acetone as etching media, was
investigated by Ding et al. [13]. The black particles were
also detected for the etching of quartz with pyrene in acetone and were analyzed by confocal Raman spectroscopy.
The black deposits (shown in Fig. 4) reveal clearly the D
and G band of amorphous carbon [23,24], which is produced by the decomposition of the pyrene and/or acetone
molecules [13]. The amorphous carbon on the etched quartz
surface areas would be detected only at low laser fluences
(shown in Fig. 4), but not for the medium and high fluence
rages (2 and 3 in Fig. 2A and B). Our Raman microscopy
studies of the carbon deposition shows also, that the carbon
has some crystalline features. The experimentally observed
etch roughness is quite high at low laser fluences (shown in
Fig. 5A and B) for both etching solutions and may be due
an etching process that is strongly influenced by the carbon
deposits, which can have two different effects: (i) the laser
energy is deposited in a thin solid layer which may result
in different a temperature transfer mechanisms to the quartz
as compared to the pure liquid layer without any carbon deposits at the high fluences; (ii) the carbon layer, which is
heated by the laser and the quartz have quite different thermal expansion coefficients, which will result in a mechanical stress [19]. This mechanical stress may contribute to the
removing of quartz and results in a higher etch roughness.
The lowest roughness (≈10 nm) was detected at an intermediate fluence range (1.3–2.1 J cm−2 ) for pyrene in acetone
and THF solutions as shown in the inserts of Fig. 5A and
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Fig. 5. The roughness of the etched features in quartz: (A) pyrene–acetone solution and (B) a pyrene–THF solution.

B. The combination of the experimental data results in the
following scheme of the laser induced backside wet etching
(shown in Fig. 6). At laser fluences below the threshold of
incubation (where no clear etching is observed even ≥6000
laser pulses are applied) only chemical surface modification are observed. The etching of quartz starts, when the
fluence is above the threshold value for incubation (Finc ).
At the fluences (just above the Finc ) the etching of quartz
does not starts with the first pulse, but a certain number of
“incubation” pulses is required. This suggest that at these
fluence range the etching of quartz is influenced either by the
decomposition of the solvent and pyrene or by the creation
of the defect centers. The etch roughness at these fluences
is quite high (several micrometers). When higher fluences

Fig. 6. Possible mechanisms for laser induced backside wet etching of
SiO2 with a pyrene solution.

Fig. 7. Three-dimensional scan of a plano-convex microlens array in
quartz.

are used no incubation and also no carbon is detected in the
etched quartz areas. At these fluences (intermediate fluence
range) the quartz can be structured with the first laser pulse
and the roughness is in the range of ≥10 nm. This clearly indicates a change of the etching mechanism. The slope of the
etch rate is again changing when high fluences are applied
(>2.3 J cm−2 ). At this fluence range very high laser-induced
temperature jumps may be obtained which may result in the

Fig. 8. Scheme of the experimental setup for testing the beam homogenizers.
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Fig. 9. The beam profile of a quadrupled Nd:YAG laser close to the focal plane of the collecting lens: (A) without the beam homogenizer, (B) with a
microlens array and (C) with an RPP.

generation of a plasma in the etching solution. This plasma
assists the etching, resulting in the observed high etch rates.
Micro-optical elements in quartz, as discussed above, are
very important for homogenizing high power laser beams.
Beam homogenizing is based on the idea of splitting the collimated beam into many beamlets, which are superimposed
in the focal plane of the field lens. Each microlens acts as a
divergent optical element, which homogeneously distributes
the inhomogenities of the laser beam intensity over the complete irradiated area. A microlens array was prepared in
quartz by using pyrene in THF with a concentration of 1 M
as “etchant” and a laser (XeCl) fluence which is modulated
with the DGTPM between 1.3 and 2.6 J cm−2 . This corresponds to the conditions were the lowest etch roughness over
the complete range is obtained. The diameter of a single
lens in the plano-convex microlens array in quartz (shown
in Fig. 7) is about 270 m, while the focal length of each
lens is 6 mm. Another beam homogenizers type, i.e. random
phase plate (RPP) was also fabricated in quartz and tested
as an alternative homogenizer for a quadrupled high power
Nd:YAG lasers. An RPP consists of a two-dimensional binary array of transmitting areas, where each area induces a
randomly phase shift of 0 or π rad. The comparison of the
two beam homogenizers was performed by measuring the
transmitted beam profile at the focal plane of the field lens,
as shown in Fig. 8. The spatial energy distribution close
to the focal plane without and with beam homogenizers is
shown in Fig. 9. The flat top spatial energy profile, observed
with the microlens array (shown in Fig. 9B) shows clearly
the best, most homogenous energy distribution. The application of the RPP results also in an improvement of the energy profile (shown in Fig. 9C). The transmission of two
homogenizers was also measured and values of 75% for the
microlens array and 85% for the random phase plate were
obtained.

4. Conclusion
The combination of laser induced backside wet etching and projection of diffractive gray tone phase masks
offers the possibility for a fast one-step fabrication of
three-dimensional objects, e.g. microlens arrays in UV
transparent materials. The roughness of the etched features
varies between tens of nm to several micrometers, depending on the organic solution and applied laser fluence.
Another optical element that has been created by LIBWE
in quartz is a random phase plate which is an alternative
beam homogenizer for high power lasers. A clear improvement of the energy profile for a quadrupled Nd:YAG laser
is obtained with the RPP and the microlens array, but with
better results obtained from the microlens array.
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