JLMN-Journal of Laser Micro/Nanoengineering Vol. 8, No. 1, 2013

Ultrafast Laser Surface Structuring of Intraocular Lens Polymers
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Ultrafast laser material processing is an attractive approach for surface structuring of medical
polymers used for intraocular lenses. To achieve best results in terms of efficiency and quality, the
wavelength and pulse energy dependence on the ablation behavior of such materials has to be stud-
ied. Ablation thresholds have been determined for a polymer with different dyes which is used for
intraocular lens (IOL) manufacturing. Furthermore, the ablation efficiency, achievable precision and
surface roughness have been quantified to optimize the parameters for an efficient intraocular lens

manufacturing process by surface microstructuring.
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1. Introduction

Various diseases of the human eye are treated in oph-
thalmology by the implantation of intraocular lenses. These
lenses can either replace the natural eye lens like in cataract
surgeries or they can be implanted in addition to the human
lens to treat hyperopia or myopia if a refractive surgery
(LASIK) is not possible. Such intraocular lenses consist
either of conventional PMMA or modern hydrophobic or
hydrophilic acrylate polymers. By addition of an UV- or
blue-absorbing dye, the retina is protected from hazardous
radiation. To provide best healing after surgery, modern
lenses can be folded and inserted into the eye through a
very small incision [1].

Presbyopia is the decrease of the natural eye lens elas-
ticity and leads to the loss of the eye’s accommodation abil-
ity. This disease affects mostly elder people and is usually
corrected by the use of glasses. Either, glasses can correct
only far or near vision, depending on the kind of glasses.
Alternatively, very expensive progressive glasses can be
used.

Another promising approach is an implantation of an
intraocular lens with two focal points. With such a lens,
two images are created on the retina: one for far and one
for near vision. The human brain is able to filter out the
correct image depending in which distance the person
wants to see sharply. Two focal points of one lens are real-
ized by combining diffraction and refraction. So-called
apodized ramp-like structures lead to diffraction of 30 % of
the incident light into the first focal point. Their size is on
the order of 200 um in length and 0.2 — 2.0 um in height.
The remaining light is refracted into the second focal point
(Fig. 1). These microstructures are conventionally pro-
duced by diamond turning or by injection-molding [2].
However, these techniques suffer from certain disad-
vantages. In case of turning, the processing time is very
high and the reproducibility is low due to tool wear. Injec-
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tion-molded lenses possess low flexibility and bad biocom-
patibility [3].

Incident light _ _ .
Diffractive structures

Focal points

Lens
Fig. 1: Imaging principle of a multifocal intraocular lens

An alternative method is the use of ultrafast laser material
processing for generation of such micro-scale surface struc-
tures. This approach has gained significant attention in the
last years as various applications of ultrashort laser pulses,
especially for medical applications like shaping biomedical
polymers led to promising results [4].

To establish such a process for manufacturing intraocu-
lar lenses, investigations on the laser ablation behavior of
intraocular lens materials have to be performed. As of now
the most promising laser tool for IOL material removal can
be high power picosecond lasers since they possess the
required pulse energy levels and are suitable for industrial
environment. They can produce multiple wavelengths via
harmonic generation with the second and the third harmon-
ics, being in the visible and UV spectral ranges correspond-
ingly. The IOL materials to be investigated are commercial-
ly available copolymers of PHEMA (80 %) and PMMA
(19 %) with two different absorbers (1 %) for UV- (Con-
taflex stan) or blue light (Contaflex yellow) with the trans-
mission spectra for each material shown in Fig. 2.
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Fig. 2: Transmission spectra of the investigated IOL-
materials. PMMA transmission spectrum is shown for
comparison (sample thickness d=3 mm).

Although the IOL materials appear to be non-
transparent for the light below 400 nm, the actual penetra-
tion depth in the UV region can be on the order of 100 um.
To achieve the required precision the laser matter interac-
tion process must occur in the nonlinear regime via mul-
tiphoton absorption. In this case the ablation behavior be-
comes strongly wavelength dependent and must be thor-
oughly investigated. In this paper we present results of ex-
perimental determination of ablation thresholds, ablation
rates, and the resulting surface roughness since these pa-
rameters will eventually determine feasibility of the pro-
posed IOL lens manufacturing approach.

2. Experimental setup

In the presented work we used a Nd:YVO, 10 picosec-
ond laser system Fuego from Time-Bandwidth. The output
laser power is wavelength dependent with maximum levels
being 50 W, 25 W, 14 W for primary (1064 nm), second
(532 nm), and third (355 nm) harmonics correspondingly.
The pulse repetition rate can be continuously varied be-
tween a single pulse and 8.2 MHz. The beam quality M? is
specified at 1.3 in both directions. The laser beam (all
wavelength) is focused with a fused silica 75 mm focal
length lens resulting in focal spot sizes wy(1/e®) of 15 um,
9 pm, and 5 um correspondingly. These values are calcu-
lated later on by applying Eq. (1) on the results from exper-
iments on single pulse ablation. The samples are placed on
3D linear translation stages (Fig. 3).
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Fig. 3: Experimental setup
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The x-y-positioners are motorized stages (Aerotech
Inc.) that allow a precise control of feed rate and pulse
overlap. The manual z-stage is used to align samples sur-
face with the beam waist. An air flow of about p=2 bar
pressure above the sample, the cross-jet, prevents redeposi-
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tion of already ablated material on the sample surface. The
ablated volume and the resulting surface roughness were
measured with a laser scanning microscope (Keyence, VK-
9700) to determine process efficiency and quality of the
produced surfaces.

3. Determination of ablation thresholds
For ultrafast laser ablation of polymers a well-defined
threshold is predicted. The determination of ablation
thresholds is based on the method by Liu [7]. The diameter
D of an ablated area is related to the ablation threshold F;:
D> =2w; In(F,)-2w; In(F,,) )
D: Diameter of the ablated area
wy: Focal spot radius
Fy: Peak fluence
F,: Ablation threshold fluence

For this purpose, the polymer surface is ablated by sin-
gle pulses with different pulse energies. The diameter of
the modified area can be identified easily by light micros-
copy as shown in Fig 4. As the spots are not perfectly cir-
cular the diameter is measured two times perpendicular to
each other. From these two values the mean value is calcu-
lated.

Fig. 4: Single laser pulse ablated area with A=355 nm

The ablation threshold F, and the respective focal spot
size wy can be determined as described in [9]. First of all,
the squared diameter of the ablated area is plotted versus
the logarithm of the pulse energy. The gradient of a best fit
straight line allows us to calculate the focal spot size w,. By
identifying that size, the pulse energy depending peak flu-
ence F can be determined from the measured laser power.
Finally, the squared diameter of the ablated area can be
plotted semi-logarithmic as a function of the peak fluence.
This was performed at different wavelengths and is shown
exemplary for Contaflex yellow in Figure 5.
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Fig. 5: Laser ablation threshold determination for Contaflex
yellow at different wavelengths.
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The intersection between the regression line and the x-
axis represents graphically the ablation threshold F},, valid
for that specific wavelength and pulse duration. The gradi-
ent of the line is proportional to the 1/e*>-diameter. The fig-
ure shows also a sudden increase of the ablated area more
than predicted in Eq. (1) for > 60 J/cm?. This can be ex-
plained by chemical decomposition of the polymer. Hot
electron diffusion into the material might also be a reason
[9]. However, this fluence range is not of interest for preci-
sion processing as it will be performed at low fluence and
high repetition rates to reduce material damage.

Table 1 shows the identified ablation thresholds de-
pending on the laser wavelength for both materials at flu-
ence Fy< 50 J/cm?.

Table 1 Determined ablation thresholds

Material Contaflex yellow Contaflex stan
1064 nm 12.9£2.5 J/cm? 13.9+2.5 J/cm?
532 nm 4.0+£0.8 J/cm? 5.5+0.8 J/cm?
355 nm 1.4+0.2 J/cm? 1.2+£0.2 J/cm?

It can be clearly seen, the difference in the ablation
thresholds of both materials is negligible at the absorbing
wavelength 355nm. At transparent wavelengths like
532 nm and 1064 nm a slightly higher threshold for the
material with UV-absorber is identified. This leads to the
assumption that mainly a multiphoton absorption results in
photothermal and photochemical ablation [6]. The blue-
absorber, however, can absorb slightly more energy, lead-
ing to a lower threshold. In the UV-region both dyes can
absorb photons having no different effect on the ablation.
The main result for structuring applications of such materi-
als is that both can be processed in the same way. Due to
their similar response to UV-irradiation, especially short
wavelengths are preferred at processing. This was also con-
firmed by differential scanning calorimetry (DSC) meas-
urements which showed equal values for heat capacity and
dissociation energy for both polymers.

Furthermore, the thresholds are strongly increasing
with longer wavelength. The value rises from UV to NIR
by one magnitude approximately. This curve can be inter-
preted as an ablation by multiphoton absorption. Electrons
in a dielectric medium can only absorb photons with more
energy than the band gap of the medium. To be able to ab-
sorb photons with lower energy, multiple photons have to
interact with the electron at the same time. This can be
achieved by very high intensities leading to a nonlinear
relation between applied intensity and absorption probabil-
ity [15].

Comparison with previous publicated ablation thresh-
olds for PMMA shows results of the same magnitude. Bau-
dach et.al. [8] and Nam et.al. [16] reported thresholds of
Fy=2.6 J/em® and F,;=2.4 J/cm?® respectively for 7,=150 s
and 800 nm wavelength. The higher values of the thresh-
olds at 1064 nm presented in our work could be explained
by the difference of the laser parameters. The multiphoton
absorption process, which is assumed to be present at pico-
second processing, is strongly dependent on the intensity
and on the amount of photons to be absorbed to overcome
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the band gab of the material. The usage of femtosecond
laser pulses in the previous work results in two magnitudes
higher intensities at same fluence and provides due to the
higher photon energy the possibility to absorb three instead
of four photons [16]. Thus, the absorption length of the
material is reduced non-linearly, so the incident energy can
be absorbed in a thinner surface layer. As less energy is
needed to ablate the same area due to the smaller underly-
ing volume the ablation thresholds decreases with shorter
wavelength and pulse duration.

4. Ablation depth
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Fig. 6: Ablation depth depending on the peak fluence F).

In Fig. 6 ablation depths are plotted depending on the
peak fluence of the incident pulses. In the experiments
mean ablated depth was measured after the sample were
irradiated with ten pulses at constant pulse frequency of
f,=1 kHz to rule out heat accumulation effects [8].

All three displayed wavelengths show similar behavior.
If the fluence is high enough to start a multiphoton absorp-
tion energy deposition into the material becomes wave-
length independent. The free electrons of the ionized mole-
cules can easily absorb any photon energies and conduct it
to the surrounding. This is also known as the avalanche
ionization [17].

The wavelength dependent sudden drop of the ablation
depth at low fluencies results from the well-defined abla-
tion thresholds showed before. To ablate a layer with cer-
tain thickness over the whole area, an overlap of the single
pulses and high enough fluence above the threshold are
required.

However, the step height of the desired diffractive
structures is much smaller than the achievable minimal
ablation depth of about 2 pm for 355 nm, 6 um for 532 nm
and 12 pm for 1064 nm. To overcome this issue an ablation
of an additional layer with high precision in height could be
applied to shape the structures on the order of 0.2 pum —
2.0 pm.

5. Surface Roughness

High quality optics require for high transmission a very
high surface flatness. This is usually on the order of 2/20 of
the visible light. However, as IOL are implanted into the
eye and are surrounded by a fluid the effective refractive
index difference is reduced. Therefore, a surface flatness of
M5 would be sufficient resulting in a compatible maximum
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roughness of R,=80 nm. Figure 8 shows the generated sur-
face roughness of the ablated areas. High fluence at
1064 nm and 532 nm creates rough edges (Fig.7) and
much debris leading to high roughness. Mechanical stress
during the shearing of the ablated layer can cause the edges
to shatter [13] and decreases by this the quality of the IOL
diffraction. The scattered material remains partially on the
surface and increases roughness further.

50 1M se—

Fig. 7: Microscope image of transition of an processed to
an untreated surface (f,=1 kHz; F;=13.5 J/cm?; 1,=10 ps;
W0, 355 nm=2-0 LM Wo_ 1064 nm =15.0 pm)

At 355 nm a more gentle material removal takes place.
Clean edges can be produced as well as surface roughness
is significantly reduced (Fig. 7). One explanation is the
smaller volume ablated per pulse leading to a nearly com-
plete evaporation of the removed material. Also heating of
the surrounding area of the irradiated spot can cause in-
creased elasticity [14]. High elasticity prevents brittle frac-
tion and reduce ejection of particles.

Nevertheless, minimum surface roughness was found to
be limited to R,=300 nm at 355 nm processing wavelength,
R,=800 nm and R,=1300 nm for 1064 nm.
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Fig. 8: Summary of wavelength and fluence dependent
roughness of the processed surfaces
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To achieve best results for surface quality structuring
by 355 nm wavelength was investigated in more detail.
Figure 9 shows the roughness after ablation of a layer at
respective pulse overlap, pulse energy and pulse frequency.
Feed rate can be calculated by using pulse overlap and
pulse repetition rate.
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Fig. 9: Detailed roughness results on processing at 355 nm

Pulse overlap © <50 % leads to irregular ablation re-
sults as the ablated spots cannot form a closed surface. It
was found that pulse overlap of 2 =50 % - 75 % leads to
similar surface quality R,~ 300 nm independent from the
applied pulse frequency up to 50 kHz. At pulse overlap of
Q>75% an increase in roughness is detected, even
stronger for higher pulse frequencies. Both behaviors can
be explained by a heat accumulation effect. The heating of
the surrounding area at single pulse ablation remains at
high pulse rates until the next pulse and is attenuated fur-
ther. This effect can be strong enough to create large heat
affected zones and melting of the neighboring material
leading to high surface roughness. This however counter-
acts the cold ablation process by ultrashort pulsed lasers
and has to be prevented.

6. Conclusion and Outlook

Investigations on laser ablation of IOL materials have
been performed. Wavelength dependent ablation showed an
increase of the threshold for longer wavelength, however,
was nearly the same for both analyzed dyed polymers. The
ablation depth increases with rising fluence but has a sud-
den drop at low fluence depending on the wavelength. This
means a single material removal step by pulsed laser irradi-
ation is limited to a certain minimal achievable ablation
depth of a few micrometers.

The quality of the processed surfaces was evaluated by
its roughness and the edge quality. It was found that also
minimal achievable roughness is limited depending on the
wavelength and increases with longer wavelengths. Longer
wavelengths which are transparent to the material showed
material shatter at the edges. This may be caused by high
temperature gradients and high mechanical stress during
ablation. For transparent wavelengths only in the ablated
area energy is deposited and heats the material strongly
until ablation. For short wavelengths also linear absorption
is present which also heats the surrounding area of the abla-
tion zone. As elasticity is high with increasing polymer
temperature the brittleness is reduced leading to smooth
and straight edges after the shear off of the layer.

To summarize our results we determined 355 nm as
processing wavelength to be the most promising especially
for surface structuring applications. Low ablation thresh-
olds enable high accuracy material removal by processing
at low pulse energies. Highest precision can be reached in
terms of lateral precision by the focal spot size and vertical
precision by the minimal ablation depth. Furthermore, the
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roughness was observed to be low compared to processing
at other wavelengths.

Detailed investigations on the process parameters at
355 nm processing revealed strong dependence on heat
accumulation of the surface quality. With pulse overlap of
approximately ©2=50 % and low pulse frequency low sur-
face roughness can be achieved, however, leads to long
processing time. Therefore, a trade-off between quality and
processing time has to be made in form of a proposed two-
step process. First a rough shape of the lens is produced
with fast processing time by high repetition rates, feed rates
and pulse energies. The following second step is used for
precision processing of the diffractive structures, reduction
of surface roughness and minimal material damage.

However, as the short wavelength can directly break the
bonds of the polymers and creates free radicals which may
change the chemical composition of the IOL material.
Therefore, biocompatibility tests have to be carried out to
ensure that the laser processed material is still suitable for
implants.
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