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The 157 nm laser ablation efficiency and the resolution limit of micro-patterned structures of 

fluoride based organic surfaces (polymers, monomers) depend on both the material’s properties and 
the irradiation conditions, such as the laser’s fluence and the beam diameter. For 1-10 mJ/cm2 and 
beam diameter less than 10 μm, accumulation of dissociated products on the irradiated surfaces pre-
vented efficient laser ablation . The surface’s etching rate for beam diameter larger than 10 μm, was 
linearly depended on the fluence and it had the capacity of sub-nanometer  resolution in the direc-
tion of the laser beam (perpendicular to the irradiated surface). In addition, it was found that the 
etching rate was proportional to the photodissociation rate of the materials (out-gassing rate).  

  
Keywords: VUV polymer etching, surface treatment, polymer out gassing, micro fabrication, mi-
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1. Introduction 
The physical principles of fabricating microstructures on 
thin films with laser light in the Vacuum Ultraviolet 
(VUV) region of the spectrum (100-180 nm), on fluoride 
organic films are presented in this communication. The 
applications span a wide range in science and engineering.   
A number of novel approaches and methodologies were 
developed recently, suitable for micro-fabrication of de-
vices containing biological systems. New materials were 
designed and efficient patterning methods were proposed 
for modern multi-analytic devices [1]. Among the variety 
of patterning techniques [2, 3], laser ablation is an effi-
cient direct-writing method, which was proposed for bio 
patterning [4]. It has certain advantages, as it does not 
require masks and does not include wet steps that might 
denature proteins or complicate the processes. The meth-
odology is targeting the specification of surface function-
ality and increasing the writing density with parallel im-
proving of detection efficiency for sensing applications. 
The 157 nm F2 laser is able to modify the chemical func-
tionality of surfaces during patterning and to improve  
resolution. Major applications include surface preparation 
of biological films, preservation of cultural heritage arti-
facts, biology and fabrication of bio-arrays [5, 6]. The 
common denominator of these applications is based on 
the fact that nano-fabrication at VUV wavelengths allows 
atomic resolution depth control, induces chemical 
changes and at the same time enhances surface function-
alization, with the most prominent application that of 
DNA micro-array fabrication. [7-15]. On the other hand, 
fluoride organic films are good candidates for such appli-
cations. The technology was applied using Poly (2,2,2-
trifluoromethyl methacrylate), PTFEMA, for bio-array 
micro-fabrication [6] with the following advantages: 1) It 
allows surface preparation at VUV wavelengths with 
localized chemical changes and controlled surface rough-
ness [16-20]. 2) It stimulates surface functionality..  3) It 

enhances detection sensitivity and accelerates hybridiza-
tion time by optimizing the patterning structures and 
specifying the limits to control the surface etching rate on 
the molecular level. In this communication we report on 
the ablation efficiency and the surface morphology of 157 
nm laser micro-patterned fluoride based organic surfaces. 
They both depend on material’s properties and the irra-
diation conditions. The resolution limit of micro- pat-
terned structures depends on both the laser’s fluence and 
beam’s diameter. Accumulation of dissociated products 
on the surfaces prevents efficient laser ablation with 
beam diameter less than 10 μm at 1-10 mJ/cm2. The etch-
ing rate at larger beam diameters was a linear function of 
the fluence and it was controlled with nanometer resolu-
tion in the direction perpendicular to the surface. In addi-
tion, it was found that it was proportional to the photo-
dissociation rate of materials (out-gassing rate). The out-
gassing rate of four different phenyl- prop based fluoride 
monomers was comparable to the rate of PTFEMA and 
Teflon polymers and with similar photochemical re-
sponse and surface etching rate. The overall assessment 
of the method suggests that, for these materials, fabrica-
tion of arrays was possible for beam diameter >10μm. 
The surface morphology and the thickness loss was con-
trolled by adjusting the laser’s parameters. By applying 
this methodology, the resolution of the film’s etching rate 
was ~ 0.5 nm in the Z direction per pulse at ~ 1mJ/cm2. 
Generally it depends  on the materials and the preparation 
conditions of the film.  
 
2.  Experimental 
Micro array patterning on PTFEMA polymer substrates 
was demonstrated and the best results were achieved with 
laser beam diameter > 10μm at 1mJ. Patterning with reso-
lution better than 10 μm was difficult to be achieved on 
the PTFEMA and the fenyl–prop monomers, due to the 
accumulation of material on the illuminated areas and 
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swelling of the substrate from volume ablation. Pattern-
ing with beam diameter > 20 μm at ~ 1 mJ, provides pil-
lar-free surfaces. The materials were placed on a X-Y-Z-
Θ computer controlled translation stage and the laser 
beam was focused with a CaF2 projection optics.  

 
 
Fig. 1 157 nm micro-machining stage. The computer 
controlled CCD camera, the X-Y-Z-Θ micro- translator, 
the focusing optics and the sample holder are indicated. 

Different types of micro etched surfaces and shapes were 
obtained on films, spin/dip coated on Si substrates. With 
this experimental configuration, the resolution of the fo-
cused beam on the target was adjustable from 3 mm to 10 

μm. An improved version of the system allowed further 
flexibility, accuracy and automatic alignment by interfac-
ing it to a CCD imaging system operating in a real-time 
feed back mode, Fig. 1, 2. The system has 2 μm transla-
tion and position resolution during the successive steps of 
the manufacturing processes.  
In each step, the organic films, were taken out from the  
micromachining stage, then they were processed and fi-
nally were placed back to proceed with the next step, and 
so on. The micro-arrays of Fig. 3 were fabricated using a 
three-lens projection system. With the additional use of 
two mirrors, improved shaped circular spots on the poly-
mer were obtained, Fig. 4. For laser’s beam spot-size less 

than ~ 15 μm, the ablation efficiency was reduced pro-
gressively. 
Furthermore, photochemical changes on the molecular 
level can be evaluated by applying mass-spectrometry 
and atomic force microscopy (AFM) imaging of the irra-
diated surfaces. With the application of these methodolo-
gies the thickness loss of four different fluorine mono-
mers was measured using a similar methodology as for 
the PTFEMA polymer [6]. The monomers were the fol-
lowing (S1): (2E)-1,3 diphenylprop-2-en-1-one, (S2): 
(2E)- 3 (pentafluorophenil)-1-1-phenylprop-2-en-1-o,  
(S3): (2E)- 1-1(pentafluorophenil)-3-phenylprop-2-en-1-o 
and  (S4): (2E)- 1-3 bis(pentafluorophenil)- prop-2-en-1-
one. The fluoro-monomers were dissolved in CH2Cl2 and 
then, the films were grown by slow evaporation of solu-
tions on Si wafers.    
 
Results and discussion  
I. VUV   Photo-dissociation 
Excitation of organic materials with VUV light is fol-
lowed by dissociation. Part of the energy of the absorbed 
photon is expended in breaking the chemical bonds, and 
forming molecules with smaller number of atoms. A frac-
tion of photon energy is converted to translational energy 
of the photo-fragments and eventually the electronically 
excited molecules relax to the ground electronic state(s) 
either radiatively or non-radiatively. 

 
Fig. 2 Schematic lay out of the micro-machining stage 
with CCD imaging system for automatic alignment and  
pre-set exposure conditions, operating in real-time feed 
back mode. L: 157 nm laser, M: VUV mirrors, FO: 
Focusing optic, CCD: CCD camera and optical imaging 
system of the  processed area. 
 

 At VUV wavelengths, excitation from the ground elec-
tronic state W1 to the excited electronic state W2 is fol-
lowed by dissociation. The energy transfer is considera-
bly faster than vibration relaxation. The dissociation 
probability Γ, is given by the photo-dissociation rate Γ, 

which in most cases is the rate of organic film’s etching 
[6].  The photo-dissociation rate is given by the equation: 

 
 
Fig. 3  Micro-array patterning on PTFEMA substrates. The 

size of each one of the oval  spots is 10 X 20 μm. 
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It relates the dissociation rate with the molecular parame-
ters S1,2, V(R), and υ and it is inversely proportional to the 
difference of the slops S1,2 of the two potential surfaces at 
the point of intersection. V is the dipole moment of the 
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optical transition and υ is the mechanical action of the 
molecular system. Taking into consideration that the 
photo-dissociation rate at low laser energy is independent 
from the beam’s parameters, eqn.1, the photo-dissociation 
rate at VUV wavelengths is an intrinsic molecular prop-
erty. In other words, the etching rate of polymers  
at VUV wavelengths is taking place even with the lowest 
number of photons possibly available. We expect there-
fore one photon to break one molecular bond of the par-
ent organic molecule (e.g polymers, monomers, etc) and 
subsequently to release at least one photo-fragment. The 
above theoretical considerations were previously con-
firmed experimentally for a large number of different  
organic molecules [6].  The photo-dissociation and the 
etching rate of various organic materials were measured 
by applying different experimental methodologies such as 
dynamic out-gassing, AFM imaging and VUV absorption 
spectroscopy [6]. 

 

Fig.  4 Circular beam profiles on PTFEMA.  The spatial 
resolution of  the etched areas from top to bottom is 200, 
100, 20, 10μm. 

 

 
II. Out gassing rate of fluoro-polymers/monomers. 
The photo-dissociation rate of polymers at a given wave-
length is an indication of the level of surface and volume 
modifications and the chemical changes induced by light. 
The molecular photo-dissociation at low energy (< 1mJ) 
is localized mainly on the surface of the films and giving 
structures with perfectly sharp edges.  The process is 
therefore important in micro/nano engineering processing 
of materials. The sharpness of the step across the bound-
ary between the irradiated/non-irradiated areas depends 
on the material as well, Fig.5.   
 One of the experimental methodologies of determining 
the photo-dissociation rate at 157 nm, is to monitor the 
background pressure inside the stainless-steel (SS) vac-
uum chamber where the organic films were placed fol-
lowing their irradiation at 157 nm (dynamic out-gassing). 
Generally, the out-gassing rate is the amount of moieties 
released in the gas phase per unit time and surface area 
from the organic film and it is expressed in mbar in a 

volume of a litter per sec per square centimeter (mbar l s-1 

cm2). Prior to irradiation, out-gassing of SS vacuum 
chamber was measured under different experimental con-
ditions (static out-gassing). It was found that contamina-
tion of the SS chamber was taking place following irra-
diation  
of materials at 157 nm. Thus the number of photo-

fragments ejected out from the surface or the volume of 
the polymer can be evaluated. On the other hand, from 
the energy of the laser beam, the number of ejected 
photo-fragments from the surface of the polymer film per 
photon can be estimated. The out-gassing rate of fluorine 
monomers (S1-4) is indicated in Fig. 6. Taking into con-
sideration that the increase of the background pressure 
inside the SS chamber was δP ~10-5 mbar at 1mJ, the 
number of out-gassed atoms and molecules, ejected out 
from the surface of the illuminated areas  

 
 

Fig. 5 Left: Schematic lay out of VUV ablation proc-
ess. From top to bottom: 1) VUV light falling on the 
surface of  organic films. 2) The photons are 
penetrating within the volume of the  film (yellow 
area). 3) The yellow area is ablated through photo-
dissociation giving sharp edges at the boundaries be-
tween irradiated/non-irradiated area. Right: AFM im-
age of the edge between exposed / non-exposed areas 
at 157 nm (~ 1 nJ/cm2).    
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Fig. 6 Pressure gradient from out-gassing of S1-4 at different 
fluence. (D–S1, E-S2, F-S3, G-S4). For comparison the out-
gassing rate of a Si based copolymer [21] is indicated, C. 
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was  ~ δn = 1.54 X 1015 on the average. As 1mJ carries 
7.9X 1014 photons, 1 photon ejects on the average several 
atomic/molecular species. The indicative out-gassing 
rates (pressure differences) of the S1-4 fluoride mono-
mers at different fluence are tabulated in table 1. 
 
 
 
 
 
 
 
 
 
 
The composition of the out-gassed moieties was analyzed 
with mass spectroscopy. The mass spectrum of S2 is in-

dicated in Fig. 7. Despite the fact that the background 
pressure in the detection area could be as low as 10-8 
mbar, the pressure within the high vacuum chamber with 
the S2 polymer inside was ~ 9X10-7 mbar. Photo-
fragments with m/e less than 40 were mainly detected, a 
fact, which indicates that the S2 monomer is photo-
dissociated at small photo-fragments far more efficient at 
157 nm in agreement with previous results, [22, 23]. The 
peaks at 19, 31, 43, 50, 69, 81, 100 amu correspond to   
the F, CF, C2F CF2, CF3, C2F3 and C2F4 moieties respec-
tively. The low abundance at higher m/e was due to fur-
ther dissociation from 157 nm photons. On the contrary, 
at longer wavelengths and for Teflon, parts of material 
were removed without degradation or decomposition and 
higher values of m/e were recorded in the mass spectra, 
[24, 25]. 
  
III. AFM imaging 
With the application of AFM imaging technique, the rela-
tion between thickness loss and laser energy was estab-
lished   by measuring the thickness loss (step) of the 
boundary between illuminated / non-illuminated areas. 
This method does not require ultra high vacuum, contrary 
to dynamic out-gassing . At the same time, the   surface 
morphology of the exposed/non-exposed areas is revealed. 
In Fig. 8a, b the edge of the PTFEMA polymer is clearly 
seen, and from Fig.8b it was measured to be 0.7 nm for 1 
mJ/cm2, in agreement with previous results [6] and the 
theoretical predictions of eqn 1.The etching rate was line-

arly depended on the fluence. Similarly the etching rate 
for the S1-4 monomers was 0.5, 0.6, 0.8, 1 nm respec-
tively, for 1 mJ/cm2 and it was linearly depended on la-
ser’s fluence between 1-10 mJ/cm2. The fluence was con-
trolled with the energy of the beam by keeping constant 

the diameter of the beam.  

Fluence (mJ/cm2) δP(mbar)x10-5

20 0.1 
40 0.27 
70 0.42 
100 0.76 

Table 1 Average out-gassing rates (pressure differ-
ences) of the S1-4 fluoride monomers.  

 

Fig. 8a AFM image of PTFEMA following laser irradiation at 
157 nm. The edge between irradiated/non-irradiated areas can 
be clearly seen. 
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Fig. 7 Mass spectrum of S2. The background  pressure was 
9 X10-7 mbar. 

 
 

 
Fig. 8b 2D AFM image of irradiated/non-irradiated areas. 
The step of the edge is 14.01 nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Besides the application of the above methodologies to 
determine the etching rate of organic films, an additional 
method was applying previously.  A thin polymeric film 
of known thickness was deposited on a CaF2 substrate by 
spinning and the absorption coefficient of the film was 
measured with VUV absorption spectroscopy. Following 
the experimental procedure, part of the film was etched at 
157 nm at a given laser fluence. The absorbance of the 
etched film was measured again, [6] and the experimental 
data were fitted to the Beer’s low. The thickness loss of 
the etched film was thus evaluated, and a direct relation-
ship between the film thickness loss and the laser energy 
at 157 nm was established, verifying thus a linear rela-
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tionship between them, as it is expected from eqn. 1, [6].  
 
IV. Surface morphology 
At higher laser energy, explosive dissociation within the 
sample’s volume rapidly increases the pressure. For given 
laser energy, reduction of the size of the beam diameter, 
confines the same amount of photons, (and thus dissocia-
tive moieties), within a smaller volume space in the sam-
ple, increasing thus the collision rate and the pressure 
within the irradiated volume. In the case of higher pres-
sure, the material will be removed through surface abla-
tion accompanied by surface swelling. 
Furthermore, the initial surface morphology, the density 
and the presence of the size defects on the polymer sur-
face, are important during the interaction of radiation 
with matter at 157 nm as a fraction of the photons was 
transmitted within the polymer volume under the surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The penetration depth (absorption coefficient), depends 
on the amount of the surface and the volume defects  with 
size 1-5 nm, which further increase the penetration depth.  
In this case, the volume dissociation is predominant over 
surface dissociation and the polymer’s surface is accom-
panied by swelling. In the case of lower energy, the dis-
sociated products, escape from the polymer’s volume and 
the illuminated area shrinks with the appearance of a sur-
face dipping, Fig.9.  
Swelling and dipping is the dominant process at smaller 
beam diameters, where the dissociation rate from inside 
the polymer’s volume is higher than from surface. For 
PTFEMA, either non-ablative swelling or dipping was 
the predominant process, when the surface was irradiated 
with 100 laser pulses and with a 10 μm beam diameter at 
1 mJ/cm2.   The surface was swelling by ~ 50 nm and 
around the edges, the surface dipping can be clearly seen.  
Volume ablation was not observed for Teflon samples [6].    
Besides volume ablation, in the case of a laser spot of 
~10 μm, enhanced collision rate of the ejected photo-
fragments within the plume above the surface, recombi-
nation of dissociated photoproducts and fast relaxation 
were taking place. The photoproducts in this case, were 
not efficiently removed from the surface, but they ag-

glomerate in the form of pillars, Fig. 10. The formation of 
the negative charged F-, CF-1 photo fragments in the abla-
tive plume, enhances the collision rate further in com-
parison to different types of  organic films. The formation 
of nano-pillars with dimensions ranging from 10 nm to 1 
μm was observed for both PTFEMA and Teflon [6]. Sur-
face ablation of PTFEMA was observed previously and 
on the average 0.5 nm thin layers of polymer were re-
moved at 1mJ/cm2 [6].  In the case of laser spot size lar-
ger than  
 

 
Fig. 10 Stacking of dissociated products on the surface of 
the polymer. When the laser spot size was < 10μm, the 
dissociated products were stuck on the polymer surface 
forming pillars due to the enhanced collision rate. The col-
umns had different size (nm/μm). The area was illuminated 
at 1 1mJ/cm2.

 
 
 
 
 
 

 
Fig. 9 AFM image of a surface dip of the irradiated area due 
to volume ablation. At lower laser fluence, the pressure 
gradient was not high enough to support the surface’s swell-
ing. The photo-fragments were removed mainly from the 
volume inside the film and eventually the irradiated area 
collapsed in a 3 μm x 3 μm x 40 nm dip. The area was illu-
minated with 100 laser pulses (15 μm laser beam, 1mJ/cm2 
per pulse).  

 
 
 
 
 
 
 
 
20 μm, ablation was taking place predominantly from the 
surface of the polymer. As it has been experimentally 
demonstrated, efficient laser ablation of the polymers is 
taking place when the spot size of the laser beam was 
focused to dimension higher than 10 μm. For beam di-
ameter smaller than ~ 10 μm, the material was difficult to 
be removed by ablation in a reasonable time-scale and 
with good surface quality. At higher laser fluence, the 
overall assessment of the methodology indicates that, 
fabrication of micro-arrays in PTFEMA and the fluoro-
monomers S1-4 was fast and efficient for laser beam di-
ameters > 20μm. Ablation rate of polymer surfaces under 
vacuum conditions was one order of magnitude higher 
than ablation in nitrogen. However contamination of the 
expensive projection optics by the out-gassed products 
prevents the long-term ablation under vacuum conditions.  

Conclusions 

The resolution limit of micro-patterned structures of fluo-
ride based organic surfaces (polymers, monomers) and 
the etching rate depends on both the laser’s fluence and 
beam’s diameter. With beam diameters larger than 10 μm, 
the etching rate is a linear function of the fluence. In ad-
dition, the surface’s etching rate was proportional to the 
photodissociation rate and with similar photochemical 
response at 157 nm for the fluoride materials. Light in-
duced chemical changes have the advantage of multi 
functionality of surfaces for a variety of applications. 
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