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High pore density membranes exhibit various applications, especially in microfiltration, 
bioseparation, microbiology and medicine. The laser ablation process allows the fabrication of 
membranes with high pore density and pore diameter in the µm and sub-µm range. Ultrashort laser 
pulses allows the efficient and precise fabrication of pores in polymer foils due to the high repetition 
rate and the low thermal effects. Polyimide (PI) foils with a thickness of 13 µm were irradiated by 
ultraviolet picosecond laser radiation. The fabricated membranes have a pore diameter from ~0.7 µm 
to 75 µm in dependence on the laser parameter. Furthermore, high pore density up to ~23500 mm-2, 
high-precision pores with standard deviation of pore diameter less than 10 % and high areal pore 
density up to ~12 % were achieved. The detailed analysis of the pore size at the front and rear side in 
correlation to the laser parameter enable an empiric description of the pore size – laser parameter 
dependency which allows the optimisation of the pore density.  
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1. Introduction 
 Porous polymeric membranes are needed in different 
fields of application such as in microfiltration, bioseparation 
microbiological screening and biomedical separation appli-
cation. Various techniques enable the fabrication of poly-
meric membranes by determined and random processes 
technologies [1]. Narrow distributions of the pore size and 
high pore densities always requested for innovative applica-
tions. Hence, a direct writing process is studied to realize 
micron sized thin foil membranes.   
Short and ultra-short pulse laser irradiation of polymers can 
cause laser ablation resulting from the decomposition of the 
material due to disintegration of hydrocarbon chains. Laser 
ablation is a well-established tool for surface patterning, 
structuring and modification of polymer films and foils [2-
9]. The ablation process was already studied for different 
polymers like polytetrafluoroethylene (PTFE), polyether 
ether ketone (PEEK), polyethylene terephthalate (PET) and 
polycarbonate (PC) [2, 10]. Polyimide (PI) is a well-quali-
fied polymer for various applications due to its exceptional 
optical, chemical, thermal and electrical properties [10]. The 
laser ablation process of PI was studied for very different 
laser sources with pulse durations from femtosecond (fs) to 
nanosecond (ns) and with wavelengths ranging from infra-
red to ultraviolet [4, 7, 8, 11-16]. The ablation of polymers 
can be of photothermal or photochemical nature [5]; both 
cause finally the decomposition of the polymer and the for-
mation of gaseous products. The very fast laser ablation pro-
cess is accompanied by secondary processes such as heating 
of the substrate material near the ablation pit, the formation 
of an ablation plume with high pressures and shock waves, 
as well as the redeposition of ablated material [3, 5]. Blind, 
deep holes and through-holes (micro-drilling) can be fabri-
cated by laser ablation in polymer foils using ns- [17, 18], 

ps- [19] and fs-laser radiation [12]. The fabrication of peri-
odic through-holes patterns and therefore the production of 
porous membranes from functional polymer [11] can be 
achieved by repetitive micro-drilling. A parallel fabrication 
of dense holes arrays by laser ablation can be realized by 
mask projection or laser interference patterning. However, 
specialized optical set-ups are needed to achieve the required 
high resolution on sufficient large fields. This study focuses 
on the fabrication of porous polyimide membranes with 
adaptable holes properties like hole size and hole density us-
ing ultraviolet ps-laser ablation. A hole size in the sub-µm 
and µm range was used which is especially very interesting 
for cell separation application [20, 21]. The focus of the 
study is the high-precision drilling of hexagonal hole arrays 
with a high areal pore density, and a low deviation of the 
pore diameter in PI foils using gaussian UV ps laser radia-
tion. Further, the front and rear side diameter was systemat-
ically analyzed dependent on the laser parameter and the 
hole distance. 
 
2. Experimental Setup  
 The laser drilling of polyimide (PI) foils was studied 
with the aim of the fabrication of holes arrays and porous 
membranes, respectively. Commercial 13 µm polyimide 
foils (DuPont Kapton HN) were used because the thickness 
represents a good compromise between mechanical stability 
and the goal of achieving high hole densities. Therefore, the 
PI foils  were fixed on the workstation’s stage with a vacuum 
chuck based on porous ceramic. The polyimide was irradi-
ated by the third harmonic of a Nd:YVO4 laser with a wave-
length of 355 nm and a pulse duration of 12 ps. The laser 
radiation is linearly polarized. The repetition rate was fixed 
to 100 kHz.   
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The laser that is embedded in a workstation (micro-

STRUCT from 3D Micromac) is focused on the sample sur-
face by a f-theta lens with a focal length of 56 mm. The laser 
spot was moved across the sample surface using a galvo 
scanner (see Fig. 1). The Gaussian radius of the laser spot ωg 
was determined by Liu’s method [22] to be (5.7 ± 0.8) µm.  
The laser-treated surfaces were analyzed by optical (OM) 
and scanning electron microscopy (SEM). For SEM imaging, 
the samples were covered by magnetron sputtering with a 
~10 nm gold layer to excluded charging effects. In the first 
series of experiments, the PI foil was irradiated with various 
laser energies E and number of laser pulses N where the dis-
tance of the irradiated spots p is much larger than the laser 
spot size to excluded interaction effects between subsequent 
laser irradiations. At suitable laser parameter, the laser irra-
diation results in a complete penetration of the PI foil and 
the formation of a pore with a circular front side hole and 
rear side hole geometry from circular-like to geometries with 
significant deviation from the circular geometry dependent 

on the laser parameter. The laser-drilled pores are mainly 
defined by a larger hole diameter on the front side (df, irra-
diated side) and a smaller hole diameter on the rear side(db) 
of the foil (see Fig. 1). The laser-ablated pores are tapered 
having approximately a conical shape (see Fig. 1 (c)) with a 
smooth side wall near the front side that become rough near 
the exit hole. The pores density ρh depends on the pore dis-
tance p and can be estimated for hexagonal pore distribu-
tions from geometric considerations (see Fig. 2) to be: 

𝜌𝜌ℎ[𝑚𝑚−2] = 𝑁𝑁ℎ
𝐴𝐴

=  2
√3∙𝑝𝑝2

≈  1.15
𝑝𝑝²

       (1) 

The areal pore density ρh,A is dependent on the pore distance 
p as well as on the rear side hole diameter db. The exit hole 
diameter is relevant for the calculation of the areal pore den-
sity of laser drilled, porous foil membranes due to the conic-
ity of the holes. The areal pore density can be estimated, with 
Nh: number of holes per unit cell, A: area of unit cell, ac-
cording to:  
 

𝜌𝜌ℎ,𝐴𝐴[%] = 100 % ∙
𝑁𝑁ℎ∙

𝜋𝜋
4∙𝑑𝑑𝑏𝑏

2

𝐴𝐴
≈  90.7 % ∙ �𝑑𝑑𝑏𝑏

𝑝𝑝
�
2

            (2) 

3. Experimental results and Discussion 
3.1 Single holes  
The PI foils were irradiated with different numbers of 

laser pulses and varying laser pulse energy in order to study 
the laser ablation process. The ablation rate, the ablation 
threshold, the front and rear side hole diameter was 
analyzed based on the optical images and are depicted in 
Fig. 3 for instance. 

• Ablation rate 
The required number of laser pulses Nreq for foil penetra-

tion decreases with increasing of laser pulse energy. The av-
eraged ablation rate ∆z defined by ∆z = h/Nreq was deter-
mined from the required number of laser pulses Nreq for pen-
etration of the foil with the thickness h. The so determined 
ablation rates in dependence on the laser pulse energy are 
shown in Fig. 3 (b). The ablation rate increase with increas-
ing laser pulse energy. At low laser pulse energy from 
0.08 µJ to ~ 6 µJ, the ablation rate increases logarithmic with 

 
Fig. 1 (a) Schematic illustration of the experimental set-up 

 (b) Top view SEM images of front and rear side of a ps-Laser 
structured PI  

(c) Exemplary SEM image of cross section of a laser irradiated 
PI foil (Note: For a better visualization of the hole shape an 

image of a 25 µm PI foil is shown here.). 

 
Fig. 2 Exemplary optical image of ps-laser irradiated PI sur-
face including the sketch of the hexagonal pattern. 
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increasing laser pulse energy E and can be fitted with (see 
black line in Fig. 3b): 

 
∆𝑧𝑧(𝐸𝐸) [µ𝑚𝑚] ≈ 0.217 ∙  (ln (𝐸𝐸[µ𝐽𝐽]) + 4.13)    (3) 

 
For laser pulse energies above ~ 6 µJ, the ablation rate in-
creases almost linearly with increasing laser pulse energy 
(see Fig. 3 b – blue line). The experimental data can be ap-
proximated by: 
 

∆𝑧𝑧(𝐸𝐸) [µ𝑚𝑚] ≈ 0.186 ∙  𝐸𝐸[µ𝐽𝐽] + 0.00544     (4) 
 

 
In agreement with former experimental results for UV ns 

laser ablation two different ablation mechanism of PI were 
identified. The ablation process is governed at low laser flu-
ence by photochemical processes and at high laser fluences 
by a photothermal mechanism [23]. At one hand the influ-
ence of non-linear effects increases with higher laser pulse 
energy especially for ultrashort laser pulses but at the other 
hand the higher pulse energy cause increasingly thermal pro-
cesses; both have strong impact to the observable ablation 
behavior. The logarithmic ablation rate at low laser pulse en-
ergy is related to Lambert–Beer’s law. According to Fig. 3, 
a penetration depth of ~217 nm and an effective absorption 
coefficient of δ = 4.6 µm-1 can be estimated (see Eq. 3). This 
estimated effective absorption coefficient is in the same or-
der of magnitude than the linear absorption coefficient of PI 
at room temperature with α = 2 µm-1 [24].  
 
 
 

• Ablation threshold 
Furthermore, the ablation rate measurements (Fig. 3 b) al-

lows the estimation of an ablation threshold E*
th = 0.016 µJ 

(see Eq. 3). The ablation threshold Eth
* based on Eq. 3 is de-

fined for multi pulse irradiation.The laser ablation threshold 
energies Eth at defined number of laser pulses were deter-
mined by using Liu’s approach [22]. The ablation threshold 
dependence on the number of laser pulses is shown in Fig. 3 
(a). The reduction of the ablation threshold with increasing 
laser pulse number is called incubation effect and is related 
to the accumulation of laser-induced material defects or in-
duced by thermal accumulation effects [25]. The influence 
of the incubation process on the ablation threshold can be 
empiric described by [26]: 
 

𝐸𝐸𝑡𝑡ℎ(𝑁𝑁)[µ𝐽𝐽] ≈  𝐸𝐸1 ∙ 𝑁𝑁−𝜉𝜉        (5) 
 

The experimental result (see Fig. 3 (a) black squares) can be 
described by Eq. 5 with single pulse laser ablation threshold 
of E1 = 22.6 nJ and incubation coefficient of ξ = 0.135.  
The multi-pulse ablation threshold E*th based on Eq. 3 is in 
good agreement with the ablation threshold based on the Liu 
plot (see Eq. 5) where an ablation threshold from ~ 0.023 µJ 
(at N = 1) to ~ 0.009 µJ (at N = 1000) was found The exper-
imental found laser ablation threshold for a single pulse (N 
= 1) implies a laser fluence threshold of   Φth ~ 22 mJ/cm² 
for a Gaussian radius of 5.7 µm. This value is larger than the 
experimental value of ~ 6 mJ/cm² for ns laser (λ = 355 nm, 
2-3 ns) [10] and slightly smaller compared to 
30 – 70 mJ/cm² for KrF Excimer laser ablation (λ = 248 nm, 
∆tp = 25 ns) [4]. Similar to other studies the reduction of the 
ablation threshold with increasing number was found (see 
Fig. 3 b) [25, 27-29].  
 

• Front and rear side hole diameter 
The hole diameter df,b on the front (f) and rear side (b) in-

creases with increasing number of laser pulses (see 
Fig. 3 (c)) as well as with growing laser energy (see Fig. 3 
(d)). At low laser energy (E < 3 µJ), the hole diameter in-
creased logarithmic with increasing laser energy. At high la-
ser energy (E > 3 µJ), the hole diameter increased linear at 
increasing laser energy.  
At low laser energy, the logarithmic behavior of the front 
side hole diameter is related to the Gaussian energy distribu-
tion in the laser spot. With an ideal Gaussian laser beam pro-
file (effective Gaussian radius ωeff) and the pulse number de-
pendent ablation threshold (see Eq. 5), the front side diame-
ter df,L can be estimated by:  
 
𝑑𝑑𝑓𝑓,𝐿𝐿(𝑁𝑁,𝐸𝐸) ≈ √2 ∙ 𝜔𝜔𝑒𝑒𝑓𝑓𝑓𝑓 ∙ �𝑙𝑙𝑙𝑙(𝐸𝐸) − 𝑙𝑙𝑙𝑙(𝐸𝐸1) + 𝜉𝜉 ∙ 𝑙𝑙𝑙𝑙(𝑁𝑁)  

 (6) 
With Eq. 6 the experimental found hole sizes can be fitted 
well for E < 3 µJ (see Fig. 3 (c) and (d)). The fit parameters 
are summarized in table 1. The rear side diameter increases 
also logarithmically with increasing laser energy, but incu-
bation is different. The experimental results (see Fig. 3 (c) 
and (d)) can be fitted with Eq. 6 after modification. The rear 
side diameter for E < 3 µJ can be empirically described by:  
 

𝑑𝑑𝑏𝑏,𝐿𝐿(𝑁𝑁,𝐸𝐸) ≈ √2 ∙ 𝜔𝜔𝑒𝑒𝑓𝑓𝑓𝑓 ∙ �𝑙𝑙𝑙𝑙(𝐸𝐸) − 𝑙𝑙𝑙𝑙(𝐸𝐸𝑡𝑡ℎ(𝑁𝑁))    (7) 
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Fig. 3 (a) Laser ablation threshold Eth dependency on the num-
ber of laser pulses N based on the Liu plot of the front side hole 
diameter (black line: fit based on Eq. 5) 
(b) Ablation rate ∆z of polyimide dependent on the laser pulse 
energy E (black square: experimental results, green line: linear 
trend (Eq. 4), black line logarithmic trend (Eq. 3)) 
(c) Front side hole diameter df and rear side hole diameter db on 
the polyimide foil at a laser pulse energy E = 12.3 µJ dependent 
on the number of laser pulses N (black and red line fit based on 
Eq. 6-8) 
(d) Front side hole diameter df and rear side hole diameter db of 
the polyimide foil at a number of laser pulses of N = 1000 de-
pendent on the laser pulse energy E (black and red line fit based 
on Eq. 6-8) 
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with 
 

𝐸𝐸𝑡𝑡ℎ(𝑁𝑁) ≈ 𝑒𝑒
ℎ

𝑁𝑁∙𝑚𝑚−𝑛𝑛        (7b) 
 
and m, n: fit parameter (see Table 1). At high energy 
(E > 3 µJ), the experimental behavior can no longer be de-
scribed by the simple physical motivated approaches, so that 
an empirically determine function:  

𝑑𝑑𝑓𝑓/𝑏𝑏,𝐻𝐻(𝐸𝐸,𝑁𝑁) [µ𝑚𝑚] ≈ 

𝑑𝑑𝑓𝑓/𝑏𝑏,𝐿𝐿(𝐸𝐸0,𝑁𝑁) + 𝑎𝑎𝑓𝑓/𝑏𝑏 ∙ (𝐸𝐸 − 𝐸𝐸0) ∙ ln (𝑏𝑏𝑓𝑓/𝑏𝑏 ∙ 𝑁𝑁)   (8) 

with the fit parameter af/b and bf/b was used. All fitted data 
shown as solid lines in Fig. 3 with the fit parameters given 
in table 1. 
 
Table 1 Summary of the fit parameter Eq. 6-8 see Fig. 3 (c), (d) 

d (N ,E) d f  [µm]  d b  [µm]  

a  [µm/µJ ] 1  2 .4083 
b  0 .05808         0 .08829 

E 0  [µJ ]  3  3  
ω e f f  [µm]  9 .49 4 .9 

E 1  [µJ ] 0 .0226  
ξ 0 .135  
m  0 .27 
n   3 .5  

 
The physical description of the front and rear side diame-

ter (see Eq. 6, 7) allows a qualitative good prediction of the 
logarithmic behavior at low laser pulse energy (E < 3 µJ). 
However, the resulting fit parameters (see table 1), which 
allows the quantitative description of df(E), do not correlated 
to “real” physical parameter and the empiric equation does 
not provide by a physical description. At E > 3 µJ, the front 
side as well as the rear side hole diameter exhibit a more 
complex behavior and cannot be described by the easy phys-
ical approach. However, the empiric equations Eq. 7 and Eq. 
8 allows a good fitting of the df and db dependencies.  

Based on the empirical equations (Eq. 6-8), the geometry 
of laser-drilled holes can be predicted from the processing 
parameters. Also the laser processing parameters for specific 
pores or pores arrays geometries can be estimated enabling 
a adaption of process parameters to e.g. a different polyi-
mide foil thickness. However, the simple empiric descrip-
tion of the experimental results has limitation in the validity 
that can be extended by simulations with a suitable physical 
model using finite element method (FEM) as reported by La-
sagni et al. [10] and P. E. Dyer et al. [7].  
 
3.2 Hole arrays / membranes  

Based on the results of the single hole drilling experiments, 
hexagonal-ordered pore arrays were machined. Considering 
the determined correlations laser process parameters can 

predefined that allows the fabrication of membranes with ad-
justable parameters like pore diameter (rear side hole diam-
eter), pore density, hole shape.  
In Fig. 4 (left), exemplary SEM images of hexagonal-or-
dered holes on the rear side of the PI foil are shown. 
 

 
Fig. 4 SEM images (left) and holes diameter histograms (right) 
of ps-laser drilled 13 µm PI foils.  
(a): N = 150, E ~ 0.06 µJ, p = 7 µm,  
(b): N = 140, E ~ 0.04 µJ, p = 8 µm 

 
The related histograms of the holes diameter for two se-

lected arrays are shown in Fig. 4 (right). The array with an 
average hole diameter of ~ 2.54 µm is achieved at a laser 
pulse energy of ~ 0.06 µJ, a number of laser pulses of 150 
and a hole distance of 7 µm (see Fig. 4 (a)). The presented 
array features a pores density of 23469 mm-2 and an areal 
pore density of 11.9 %. The hole diameter histogram shows 
a Gaussian distribution with a standard derivation of 
∆db = 0.2 µm. In general, a typical standard derivation of 
∆db ≲ 10 % is found for rear side hole diameter db > 1 µm. 
The reduction of the laser pulse energy and the number of 
laser pulses allows the fabrication of pore arrays with 
smaller rear side diameters down to the sub-µm range.  

 
Fig. 5 SEM images of the rear side of a ps-laser irradiated 
13 µm PI foil (N = 150, E ~ 0.06 µJ) at a pore distance of 

p = 15 µm (a) and p = 7 µm (b), respectively. 
 
In particular, the array seen in Fig. 4 (b) machined at a 

laser pulse energy of ~ 0.04 µJ and N = 140 features an av-
erage rear side hole diameter of 700 ± 180 nm, a pores den-
sity of 17969 mm-2, and an areal pore density of 0.7 %. Fur-
thermore, the influence of the pore diameter (rear side hole 
diameter) from the pore distance was studied. For hole dis-
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tances smaller than the front side hole diameter, the pore dis-
tance result in the reduction of the average thickness of the 
foil and in consequence in an increase of the rear side hole 
diameter (see Fig. 5(a, b)). A further decreasing of the pore 
distance results in a complete destruction of the PI foil at the 
same laser processing parameters applied.  

 
• Pore diameter  

Based on the single hole experiments, it could be shown 
that the pore diameter / rear side hole diameter can be vari-
ated over two order of magnitudes from ~0.7 µm to ~ 75 µm 
due to the variation of the laser parameter (see Fig. 3 (c) and 
(d)). At a pore distance p > df,, the df and db of the resultant 
membrane can be described by Eq. 6-8 with the fit parameter 
summarized in Table 1. At p < df, the predicted db is smaller 
than the experimental found db due to the overlap of the 
holes on the front side (see Fig. 7). The overlap result to an 
overall thinning of the foil (see Fig. 7). At suitable laser pa-
rameter, the laser ablation process allows the fabrication of 
pore arrays with high-precision rear side hole diameters. The 
accuracy of the hole diameter is most likely defined by local 
inhomogeneity of the polyimide like foil thickness and of the 
chemical composition as well as mechanical effects limited 
the accuracy of the hole diameter (see section “hole shape”). 
The production of smaller rear side hole diameter can be 
most likely produced by using microscopic optics which al-
lows the usage of laser beams with smaller Gaussian radius.  
However the size, precision and quality of the holes is also 
limited from secondary effects of laser ablation such as me-
chanical effects (see section “hole shape”) causing material 
rupture or thermal effects related to heat accumulation and 
thermal diffusion. 
 

• Pore density 

 
Fig. 6 (black curve) Estimated necessary laser energy E 
dependent on the number of laser pulses N for the fabrication of 
a pore with a rear side diameter of 5 µm based on Eq. 6-8 taking 
into account the fit parameter summarized in table 1. 
(red curve) Estimated maximum achievable areal pore density 
ρh,A,max depdent on the necessary number of laser pulses based 
on Eq. 2 with p = df (calculated by Eq. 6-8) 
(grey curve) Estimated ablation threshold based on Eq. 5 
depedent on the number of laser pulses  

 

The areal pore density ρh,A is given by Eq. 2, depends on 
the rear side hole diameter db and the pore distance p, and 
increases with small p/dp ratios. However, the experimental 
results of single hole drilling show that the rear and front 
side hole diameter is linked which limits the achievable areal 
pore density due to the gradual thin down the foil thickness.  
The maximum areal pore density ρh,A,max can be estimated 
assuming the minimum pore distance that is given by the 
front side hole diameter and the validity of Eq. 6-8 over the 
entire considered parameter field.The calculated maximum 
areal pore density at db = 5 µm and the estimation of the 
needed parameter combination (N, E) for their fabrication is 
shown in Fig. 6.  

 

 
Fig. 7 Schematic illustration of the resultant structure depend-
ent on the pore distance p. The reduction of the pore distance 
(p < df) result in an increasing of the rear side hole diameter db 
and in the reduction of the effective foil thickness heff. Further, 

the decreasing of the hole distance result in the reduction of 
the mechanical stability like a decreasing of the ultimate ten-

sile strength σz. 
 

The estimation predicted that the maximum areal pore 
density increased at increasing number of laser pulses. That 
means based on Eq. 6-8, a large areal pore density can be 
achieved at low laser pulse energy and high number of laser 
pulses. However, the experimental results predicted that 
pore distances below the front side hole diameter is possible. 
The reduction of the pore distance below the front side hole 
diameter result in an increasing of the rear side hole diameter 
(see Fig. 5 and Fig. 6) which can be explained by the reduc-
tion of the effective foil height (heff < h) due to the overlap 
on the front side. Further, the reduction of the hole distance 
result in the reduction of mechanical stability of the laser-
treated foils. This process limits the achievable areal pore 
density. The next step, the quantitative analysis of the me-
chanical stability dependent on the hole distance and the ar-
eal pore density by means of tensile tests is necessary, re-
spectively.  
 

• Hole shape 
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The shape of the laser-induced pore is defined by the laser  
beam profile; hence the applied Gaussian laser beam results 
in a circular hole at the front side of the PI foil (see Fig. 1 
and 2). An almost circular shaped hole can be found also at 
low laser energies at the rear side (see Fig. 4 (bottom)). How-
ever, the rear side holes show a deviation from the circular 
shape at higher laser energies (see Fig. 5). In relation to 
Fig. 1, showing a conic pore in the PI foil, the roughness of 
the side walls increases towards the exit hole. This suggests 
an intensity modulation of the laser beam inside the hole that 
can be originate from reflection and scattering at the side 
walls. This pore sidewall roughness results shortly before 
opening the hole in a varying residual foil thickness. Both, 
the thickness variation and the intensity modulation results 
in the formation of an arbitrary, jagged rear side holes. The 
jagged edge further can be discussed with the rupture of the 
residues foil at the thinnest sections. Any inhomogeneity of 
the material results in local differences of the ablation rate 
and in consequence in thickness variations of the residual 
layer. The improving of the rear side hole shape can be 
achieved by a proportional material removal process 

4. Conclusion and Outlook  
 The ps-laser ablation of a polyimide foil with a gaussian 
laser beam was studied for drilling of pores and pores arrays 
forming perforated membranes. From the experimental de-
termined correlations between process parameters laser flu-
ence, pulse number, and foil thickness etc. and the pores ar-
ray characteristics like rear/front side diameter, hole conicity 
and areal hole density a simple empirical model was ex-
tracted based on laser ablation mechanism. For 13 µm thick 
polyimide foils and 11 µm laser spot size   
- a minimal rear side pores diameters of below 1 µm, 
- a typical derivation of the hole diameter of ≤ 10 % (for pore 
size ≥ 1 µm), and 
- a areal holes density of ~12% has been achieved.  
With optimal processing parameters membranes with 
2.5 µm pores of a deviation of 0.2 µm and an open pore area 
of 12 % can be realized. The holes density is limited by the 
circular pores shape and the holes conicity. Lower laser flu-
ences cause a higher conicity and lower holes density. The 
produced membranes have a high potential for use as micro-
biological filters due to the precise pore size that can be ad-
justed in the micrometer range and the high areal pore den-
sity. 
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