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ABSTRACT 
An analytical model describing the physical relations of a UV-based process for halogenation of polymeric sur- 
faces is presented. The process allows, depending on the parameters, a local halogenation with sharp edges at the 
interfaces to areas where no halogenation is desired. This is achieved via a nonreactive halogen-containing ga- 
seous precursor and a UV source providing photons which dissociate the precursor photolytically. Thus, only 
where the UV photons affect the precursor, halogens are generated and the polymer is being halogenated. 
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1. Introduction 
Halogenation of polymeric surfaces is a common tool to 
enhance the properties for adherence and inhibition of 
carbohydrate diffusion [1]. In the reaction, hydrogen is 
replaced by halogens. In case of fluorine, this is achieved 
inside a reactor where the polymer is placed and the ha- 
logen is introduced in the gas phase. Usually the halogen 
reacts with the whole surface of the polymer. A second 
well-established process is the plasma halogenation, where a 
non-reactive gas containing the halogen is dissociated via 
a plasma [2]. In cases, where e.g. a halogenation of a 
polymeric surface should take place only in certain areas, 
this is normally achieved via a masking of the areas 
which must not be halogenated. The plasma halogenation 
processes also allow a local halogenation as demonstrat-
ed by [3]. There the plasma is not intended to modify the 
surface but to remove it selectively with a gasussian-like 
removal profile. 

When a non-reactive UV-dissociable precursor is used, 
no masking is necessary. With the right choice of para- 
meters, a local halogenation can be achieved. For this, a 
laser with a wavelength (photon energy) being able to 
dissociate the precursor has to be chosen. In order to 
dissociate the precursor only in areas, where a halogena- 
tion is desired, a shadow mask has to be inserted in the 

beam path.  
The here discussed process is comparable to a process 

introduced by [4]. In their experiments, two UV sources 
(Xe2

* excimer lamp, ArF excimer laser) were used at the 
same time to fluorinate a polymeric surface incorporating 
a nonreactive precursor (CF4 gas). The radiation of the 
Xe2

* excimer lamp dissociated the precursor, the ArF 
excimer laser activated chemical bonds of the polymer. 
Later it was shown, that the process also works with one 
UV source (Xe2

* excimer lamp) [5]. A comparable pro- 
cess also was achieved utilizing a different precursor 
(1,2,3,5-Tetrafluorobenzene) and a KrF excimer laser 
was introduced [6]. 

2. Process Fundamentals 
The general process modeled here is intended to forecast 
the efficiency of a UV-laser based halogenation process. 
The setup consists of a pulsed UV laser (i.e. KrF excimer 
laser). The beam of the laser is being expanded using 
four cylindrical lenses and a rectangular aperture is put in 
the beam to cut off the boundary areas of the beam with 
an inhomogeneous energy distribution. The beam then is 
directed into a vacuum chamber through a CaF2 window. 
Inside the chamber, the polymer sample is placed in a 
defined distance to the window. The chamber can be 
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evacuated down to 1×10−2 mbar. The precursor is put 
into the chamber via a needle valve to precisely control 
the pressure of the precursor. 

The modeled part of the process is the UV-induced 
reaction inside the vacuum chamber. The general process 
is depicted in Figure 1. As an example for the halogena- 
tion process, a surface fluorination of a polymer is shown 
in the depiction. Four different steps are marked in the 
depiction, although the process is divided into three parts 
in the following. 

The first one is the photo dissociation of the precursor 
molecule forming a radical (or an ion depending on the 
chemical polarity of the precursor molecule; from here 
on, it will be named a radical). The second step shows 
the movement of the radical towards the surface. In the 
third step, the radical has reached the surface and has a 
certain probability to replace a hydrogen atom of the po- 
lymer chain. The fourth step depicted shows the process 
of radical bonding to a precursor molecule. This limits 
the efficiency of the process and the maximal distance 
between the radical and the polymer surface, thus the 
probability of a radical of reaching the surface decreases 
with increasing distance to the surface. The second and 
fourth steps are treated together as one process part. 
In the following chapter, the three main parts of the 
model to describe this process will be examined. 
 

 
Figure 1. Assumed set-up and modeled processes, depicted 
for the case of fluorination. 

3. Description of the Model 
3.1. Photodissociation 

The UV photodissociation of the precursor only depends 
on the cross-section of the precursor molecule. In order 
to photolytically dissociate many precursor molecules, 
one has to look at the cross section in dependence of the 
wavelength and select a wavelength, where the cross 
section is high. This is the case when the photon energy 
meets the bond-dissociation energy of the radical and 
the precursor. In the modeling of the photodissociation 
process, a single photon photodissociation is assumed. 
For two- or more-photon absorption, Equations (1) and 
(2) have to be adopted, as for example described in 
[7-9]. 

The fluence can be described by the Beer-Lambert law. 
The fluence inside the precursor in a distance z  from 
the entrance window is described by 

( ) Pre
0 for  0z

Iz e z zα−Φ = Φ ≤ ≤ . (1) 0Φ  is the incoming 
fluence of the UV beam at the interface of the window 
into the reactor. From here on the UV photon flux will be 
referred to as the fluence (Joules per meter squared), re- 
gardless if the laser source is a pulsed one or emits a con- 
tinuous wave. Preα  is the absorption coefficient of the 
precursor. It depends on the precursor density Pre,0n  and 
the cross section for the UV wavelength Preσ , 

Pre Pre Prenα σ= . The interface of the polymer and the 
precursor in z-direction is at Iz . Inside the polymer, the 
fluence in dependence of z  is calculated to  

( ) ( )PolPre
0 for ,  II z zz

Iz e e z zαα − −−Φ = Φ >   (2) 

Polα  is the absorption coefficient of the polymer. 
To calculate the radical density ( )Rad  n z  generated at 

the height z , the density of absorbed photons at that 
height has to be known. The density of absorbed photons 
can be calculated via the photons per meter squared 

( )Phot zΦ , which is proportional to the fluence 

 ( ) ( )
Phot

Phot

Φ
Φ .

z
z

E
=                 (3) 

PhotE  is the photon energy in Joules. ( )Phot zΦ  will 
be referred to as the photon fluence. The derivative with 
respect to z  of the photon fluence is the density of ab- 
sorbed photons at the height z  

( ) ( ) ( )
Phot,abs Phot

Phot

Φ
Φ

z
n z z

E
′

′= =         (4) 

( )Phot,absn z  is negative in the case of absorption, as the 
photon density decreases. 

In order to calculate the number of photons absorbed 
in the distance from z  to z∆ , one has to integrate the 
density of absorbed photons. 
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( ) ( )

( ) ( )( )

Phot,abs Phot,abs

Phot

 d

1 

z z

z

N z n z z

z z z
E

+∆

=

= Φ + ∆ −Φ

∫
     (5) 

The relation between generated radicals ( )RadN z  and 
absorbed photons ( )Phot,absN z  depends on the photolyt- 
ic reaction, which is defined by the precursor molecule 
and the energy of the UV photons. This is also true for 
the radical density ( )Radn z  and the density of absorbed 
photons ( )Phot,absn z . In a simple case, each absorbed 
photon dissociates a precursor molecule generating a 
radical (or an ion, depending on the chemical polarity of 
the precursor molecule). In some cases where the photo- 
dissociation is not done by a single photon, the amount of 
generated radicals is not proportional to the photon flux 
[10]. On continuous wave (cw) sources, the flux does not 
change over time. For pulsed sources, the flux changes 
depending on the pulse shape. In the cases where two or 
more photons have to be absorbed by one and the same 
precursor molecule, two cases can occur. In the classical 
two-photon-absorption, two photons have to be absorbed 
at the same time. In the second case, the precursor mole- 
cule stays in a metastable excited state for a while after 
absorption of the first photon. In the latter case, the se- 
cond photon needs to be absorbed while the molecule is 
in the excited state. Sometimes, both ways of photodis- 
sociation can occur [8]. The correlation between absorb- 
ed photons then strongly depends on the photon flux. 
This has extensively been described in literature [11]. 

The radical density can be generically described as  

( )Rad Phot,absn f n At=           (6) 

Here A  is the UV laser beam cross section and t  is 
the time constant in which the photons pass through the 
cross section. The function itself depends on the photo- 
lytical process and has to be derived individually for each 
precursor molecule in order to calculate the radical den- 
sity. 

In general, the highest radical density is generated 
where the fluence is the highest. Taking the described 
setup into account, the highest fluence is at the interface 
of the window to the precursor. 

A high number of generated radicals is not enough for 
a high degree of halogenation. Also the distance between 
the radicals to the surface strongly affects the degree of 
fluorination. The radicals do have a limited lifetime, which 
sets their average travelling distance. 

3.2. Path of the Radical 
As radicals usually are highly reactive, it is assumed that 
the halogen radical will react with the first collision 
partner. For low irradiation doses, the radical density is 

much smaller than the precursor density Rad Pre,0n n . 
The radical density usually is a few orders of magnitudes 
smaller than the precursor density. Thus it is assumed 
that collisions between two radicals will take place only 
very rarely. In the model, this process is neglected. Only 
the two main processes are investigated; the first one, 
where the radical collides with a precursor molecule, and 
thus is no longer available for a reaction with the poly- 
mer, and the second one, where the radical collides with 
the polymer.  

In order to calculate the number of halogens per unit 
area reaching the polymer surface, the probability of a 
radical to reach the surface in dependence of the distance 
and the precursor density Pren  is calculated. First the 
probability of the radical to travel a certain distance r  
is calculated. The probability depends on the precursor 
density Pre,0n , the diameter of the precursor molecule 

Pred  and on the diameter of the radical Radd . A distance, 
which 1 e  radicals will reach, is called the mean free 
path. It is defined as 

MFP
Pre Rad Pre

1
2π

r
d d n

= .        (7) 

So the probability of a radical to reach a distance r  is  

 MFP

r
r

rP e
−

= .             (8) 

The radical can go into any direction from its origin. 
The probability to go into a certain direction is zero and 
cannot be used for further calculations, but a range of 
directions is the basis for the calculation of the probabil- 
ity of a radical to reach the polymer surface.  

For calculating the probability of a radical to go into a 
range of directions, a conceptual model is used. All di- 
rections are represented by the surface of a sphere with 
its center point at the origin of the radical. The probabil- 
ity of the radical to go into a range of directions (pointing 
at a certain area of the sphere) is the surface of that area 
divided by the surface area of the whole sphere. In our 
case, where the probability of a radical to reach a surface 
(a layer) has to be calculated, the area of the sphere can 
be divided into many spherical segments. The spherical 
segments are parallel to the surface. The probability of 
the radical to pass through a certain segment is the sur- 
face area of the segment divided by the surface area of 
the sphere. The segments are defined by an angle ϕ , 
which is the angle between the surface normal and the 
direction of the radical and a second angle ϕ∆  defining 
the range. The angular range is then from ϕ ϕ−∆  to 
ϕ ϕ+ ∆ . With an angle 0ϕ =  , the radical takes the 
shortest way possible, with an angle of 90ϕ =  , the 
radical travels parallel to the surface and with angles 

90ϕ >  , the radical moves away from the surface. For 
the model consideration, the direction in x and y is not 
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relevant (z is the surface normal). So the probability to 
reach the surface only depends on the height z  of the 
origin or the radical and the angle ϕ . Both defines the 
length of the path the radical has to overcome without a 
collision.  

To calculate the overall probability of a radical with its 
origin in a distance of z  to the polymer surface travel- 
ling in a certain range of directions ϕ ϕ± ∆ , the single 
probability of going into that range of directions and the 
probability to overcome the distance r without a collision 
has to be calculated. First, the probability to go into the 
direction ϕ ϕ± ∆  is examined. 

The probability Pϕ ϕ±∆  of the radical to go into the 
direction of a certain spherical segment is  

Seg

Sph

A
P

Aϕ ϕ±∆ = .             (9) 

The surface area of a spherical segment SegA  is cal- 
culated via its radius and the height of the segment, 

Seg 2πA Rh= . This leads to  

2
hP
Rϕ ϕ±∆ =             (10) 

The radius can be assumed as 1R = , the height h can 
be calculated via the two angles, 

( ) ( )cos cos 2sin sinh ϕ ϕ ϕ ϕ ϕ ϕ= −∆ − + ∆ = ∆ . (11) 

The probability Pϕ ϕ±∆  has to be multiplied with the 
probability rP  to reach a certain distance r  with 

cosz ϕ=  . 

cos
, sin sin

I

MFP

z z
r

rP e ϕ
ϕ ϕ ϕ ϕ

−
−

±∆ = ∆   (12) 

In Equation (12), the probability of a radical to go into 
a certain direction ϕ ϕ± ∆  and reaching the surface is 
presented. The probability strongly depends on z . Note 
that we have to use the distance between the interface of 
the polymer to the precursor and the radical, which is 

Iz z− . The general probability ( )P z  to reach the sur- 
face, independently of the direction is achieved via sum- 
ming up the single probabilities for each direction. 

( )
( )

( ) ( )
90 2

cos 2 1

0
sin sin 2 1

I

MFP

z z
r j

j
P z e j

ϕ
ϕ ϕ ϕ

−∆ −
+ ∆

=

 
 = ⋅ ∆ + ∆
 
 

∑


(13) 
The smaller ϕ∆  is chosen, the more precise the re- 

sult will be. With this formula, it is possible to calculate 
the probability to reach the surface of a radical with the 
origin at a height  z z± ∆ . To calculate the number of 
radicals reaching the surface from that height, the proba- 
bility has to be multiplied with the generated radical den- 
sity ( )Radn z , the cross section of the laser beam LaserA  
and the height interval z∆ . The number of radicals 

reaching the polymer surface then is  

( ) ( ) ( )Rad,P Rad Laser N z P z n z A z= ∆    (14) 

To obtain the total number of radicals reaching the 
polymer surface from a volume between z and Iz , 

( )Rad,PN z  has to be summed up.  

( ) ( )Rad,P Rad Laser
0

Iz z

k
N P k z n k z A z

∆

=

= ∆ ∆ ∆∑   (15) 

Note that the number is with respect to the cross sec- 
tion of the laser beam. 

3.3. Reaction of the Radical with the Polymer 
Surface 

With Equation (15), the number of radicals reaching the 
polymer surface can be calculated. In order to estimate 
the reaction speed, one has to look at several factors. In 
general, the reaction speed depends on the concentration 
of both reactants, in this case the concentration of the 
halogen and the hydrogen. The activation energy and the 
absolute temperature also play a major role in estimating 
the reaction speed. The activation energy itself depends 
on the ongoing reaction, which halogen radical is sup- 
posed to replace the hydrogen in which polymer. As the 
concentration of the hydrogen gets lower with an ongo- 
ing reaction, also the reaction speed will get lower. 
With the assumption, that the halogen radical concen- 
tration/density is independently of time, the concen- 
tration of the hydrogen atoms in the top layer of the 
polymer Hydn  can be described by the following equ- 
ation: 

( ) ( ) Rad
Hyd Hyd 0 kn tn t n e−=      (16) 

with k  as the reaction constant. The reaction constant 
k  includes the activation energy AE , the absolute tem- 
perature T , the collision cross section of both reaction 
partners σ , their reduced mass µ , the Boltzmann con- 
stant Bk  and the Avogadro constant AN  which all are 
integrated in Arrhenius’ equation.  

AE
RTk Ae

−
=              (17) 

with 

1  
28

.
π

B
A

k TA Nσ
µ

 
= −  

 
 The equation cannot direct- 

ly be applied to the reaction, as it only gives good results 
for reactions of ideal gases. The case of real molecules 
may be integrated via the insertion of the so called steric 
factor P . This factor takes the deviation of the mole- 
cules shape from the ideal spherical shape into account. 
Usually the factor is measured by comparing the theory 
with the experiment. 

As the concentration of one reaction partner will get 
lower with the time, the fluorine content of the surface 
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will rise more slowly with ongoing time. The correlation 
can be expressed by the following equation: 

( ) ( )Rad
Hal Halmax 1 kn tn t n e−= −          (18) 

The UV radiation also plays an important role in the 
reaction, which cannot be neglected. Depending on the 
polymer, the radiation is absorbed and activates certain 
bonds of the polymer. This lowers the activation energy 
of the reaction of the radical with the hydrogen at these 
bonds. Hence, the reaction of the halogen is more proba- 
ble compared to unactivated bonds. To be accurate, this 
has to be taken into account when the reaction of the 
radicals with the polymer is being described. 

4. Results of the Model 
The model was used to calculate the total number of rad- 
icals reaching the surface Rad,PN  over the precursor 
density Pren  and Iz . The fluence was set to 

2
0 1 mJ/cmΦ = . The cross section was assumed to be 

18
Pre

21.02 10 cmσ −= × . The multiplied diameters of pre- 
cursor and the radical was assumed to be 

Pre R
2 2

ad
0 9.33 10 md d −= × . For the calculation with equa- 

tion (15), z∆  was chosen to be I 1000z z∆ = . 
The result is depicted in Figure 2. It is clearly notice- 

able that for a certain pressure, a distance Iz  can be 
chosen to achieve a high amount of halogen radicals 
reaching the surface Rad,PN . 

Depending on the pressure (or particle density), the 
mean free path was calculated via Equation (7). The 
results are shown in Figure 3. The mean free path de- 
scribes a quantity closely related to the “range” of the ra- 
dicals. Thus, the sharpness of the edges between fluori- 
nated and non-fluorinated areas depends on the quantity. 
The smaller the mean free path is, the sharper the edges 
 

 
Figure 2. Results of the model calculation. 

 
Figure 3. Mean free path in dependence of the pressure. 

 
will be, thus allowing smaller locally halogenated struc- 
tures. In order to generate halogenated structures with 
feature sizes in the range of a few microns, a precursor 
pressure in the range of 0.1 bar ( )24 3

Pre  2.46 10 mn −= ×
has to be adjusted.  

5. Conclusion 
It was shown theoretically, that the investigated process 
of UV laser based halogenation using a nonreactive pre- 
cursor is capable of halogenating a polymer in a single- 
step process locally. With this, a polymer with tailored 
characteristics over the surface can be fabricated. This opens 
new possibilities in the field of micro droplet handling and 
other application in which a locally modified wettability 
play an important role like polymeric liquid sensors. 
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