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Abstract 
Laser ablation of polymers has been the subject of extensive studies for nearly three decades. Results of these 

investigations have shown that thermal effects play an important role during frequency tripled nanosecond Nd:YAG 
laser ablation of polyimide. Despite of the studies, effect of these processes has not been satisfactorily clarified. 
Thermal effects, photochemical and other phenomena still exist and so the thermal modelling of laser ablation is a very 
specialised problem. The investigation in this paper deals with special conditions in thermal models, which highly differ 
from more common conditions. Although there are numerous excellent thermal modelling software available, mainly in 
the field of electronics technology, these are not suitable or ready for handling special conditions, for example the 
removing of material from the domain under investigation, which is one of the most important areas. Hence we decided 
to develop a special thermal modelling tool. The model designing aspects which define the development process are 
presented in this paper.  
Keywords: ablation of polyimide, laser ablation, thermal modelling 

1. Introduction 
Despite of the wide use of laser technologies, interaction between the laser beam and materials has not 

been clarified in every detail so far, especially in the case of polymers [1], [2]. Research results have shown 
that laser-material interaction is photothermal in the IR and photochemical in the deep UV region. In the case 
of polyimide thermal effects are pronounced in the ablation process [3]. However, experiments in this field 
have shown that thermal and chemical effects appear at the same time, and many other physical phenomena 
also play important role.  

In electronics technology the use of laser processing is very widespread and is gaining more and more 
importance due to the miniaturisation. In manufacturing, applied laser parameters (pulse energy, pulse 
repetition frequency, speed of the moving laser spot) are adjusted to the proper value usually heuristically 
depending on the work in progress. The main reason for using this approach is in connection with thermal 
effects appearing during the laser processing. Since etch rate of the laser depends on temperature, the 
material structure of the sample and accumulation of heat influences etch rate. In consequence, to control the 
laser processing, thermal distribution of the sample has to be determined, which can be made by thermal 
modelling of the laser ablation. By using such modelling tool, proper laser parameters can be determined 
easier and faster.  

Nowadays, several excellent and usable 2D and 3D thermal simulation tools are available, but usually 
these are specialized in general thermal problems. Capabilities of the most important types of software tools 
are also examined, but thermal modelling of the laser process is a very special application. Among others 
geometry of the domain under investigation varies during the simulation, because laser shots remove 
material from the sample. This one condition alone precludes the possibility of applying general thermal 
simulation software. 

The reasons mentioned above led to the development of a special thermal modelling tool. Thermal 
models for modelling laser ablation have already been presented in our previous works on the subject [4]. 
However, in this paper we present a considerably improved modelling tool which is capable of handling non-
uniform mesh and capable of applying real, measured laser beam distribution to each of the simulations.  

Our software has been developed by Matlab. This solution is not optimal from the viewpoint of time 
consumption of the simulation, because there are faster algorithms exist, e.g. the Sincos transformation and 
many others [5], [6], [7]. However time consumption of simulations was acceptable for our purposes. 

1.1. Basic theory for modelling of laser ablation 
Final goal of our work is to obtain a model for the laser ablation which can be built into the control 

software of a laser micromachining system. For this reason, our model approaches the laser-material 
interaction from a phenomenological viewpoint and does not deal with molecular details of the process. 
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Generally, there are two types of approaches to laser processing models in relevant literature, one of them 
deals with atomic level of the processes. Aim of our models is to clarify the role of different physical 
phenomena in the laser-material interaction. These models also study, among others, details of the photo-
thermal and photo-chemical effects [8], [9], [10] [11]; plume; plasma formation and their shielding influence 
[12], [13], [14], [15]; appearing mechanical stresses and acoustic waves due to the explosion-like processes 
during the laser shot [16]; or, coupled phenomenon like the Marangoni-convection [17]. Since these models 
are near to the laser-material interface, they are very complex and do not deal with the influence of the 
overall structure of the sample, e.g. how the sample directs the heat away from the placement of the laser 
shot. Our other group of models deals with the overall effect of laser processing, and ignores nearly all 
micro-level and other factors, e.g. the shape of the laser beam or structure of the sample when made from 
inhomogeneous material [18], [19], [20], [23], [21], [22].  

Our model is a combination of models mentioned above due to the goals we have set. To consider the 
inhomogenities in thermal structure of the sample and the influence of the cumulative heat, our solution deals 
with the thermal distribution in the whole sample, not only that near to the laser-material interface. Besides 
the phenomenological viewpoint, our modelling tool makes it possible to take into consideration micro-level 
effects, shielding of the plasma, proportion of photo-thermal and photo-chemical phenomena, or other 
effects. 

Essence of our solution is that energy of the laser shot is transformed into heat in the model and all 
necessary calculations are performed with the aim of thermal distribution [4]. As our model does not deal 
with the details of different phenomena arising during the very short time of the shot itself, the 
transformation of the energy is calculated with no time consumption.  

2. Theoretical background of the thermal cell method [24] 
   Principle of the thermal cell method is that cells are defined in the geometry, and temperature of those cells 
scrutinized. Cells are considered as infinitesimal objects located in the geometric centre of elements with 
finite volume. Thermal resistance between the cells are provided by the geometry of finite-volume elements 
and the thermal parameters of materials. Those parameters also determine thermal capacitance assigned to 
each cell. The illustration of thermal cells can be seen in Figure 1. 
Thermal resistance between cells is calculated by the thermal Ohm’s law (following equations represent one-
dimensional case): 

A

x
R

⋅
=

λ  
(1) 

 

where R is thermal resistance, x is the distance between two cells, λ is the coefficient of thermal conductivity 
and A is the surface, which heat flux flows through. If thermal resistance is given, then the heat flux flowing 
between two cells is: 

R
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Q nn
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where Tn is the temperature of the nth cell. 
In the case where values of thermal resistance and capacitance assigned to cells are given, temperature of 

a cell in function of time can be calculated by the Taylor expansion of ( )dttTn + : 
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The first derivative of the temperature can be originated from the energy balance equation of the cell: 
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where Cn is the thermal capacitance of the nth cell: 

VcCn ⋅⋅= ρ  (5) 
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where c is the specific heat capacity, ρ is the density and V is the volume of the element. In equation (3) the 
higher order terms can be neglected, since we hold the value of the time step small, so the temperature of a 
cell in function of time can be approximated as: 

dt
C

Q
tTdttT

n

n
nn +=+ )()(  (6) 

Heat loss has to be considered in the cells on the boundary of the range. In heat flux calculations the 
Newton formula (7) or the Stefan-Boltzmann law (8) apply:  

)( nac TTAhQ −⋅⋅=  (7) 
 

4
0 nr TAQ ⋅⋅⋅= σε  (8) 

where h is the heat transfer coefficient, ε is the emissivity, 0σ  is the black body constant and aT  is the 

temperature of the gas or liquid. 

3. Description of light energy transformation to heat 
Energy density and fluence distribution of a Gaussian laser beam can be written as follows: 
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where α is the absorption coefficient, x, y, z are the space coordinates. This means that the origin is at the 
centre of the beam and axis z is perpendicular to the surface of the material. The first part of the exponent 
describes the Gaussian distribution of the laser beam and the second comes from the Lambert-Beer Law of 
absorption. Parameter of width (σ) comes from the “minimal spot diameter” equation:   

D

fM
d

γσ
2

min 44.24 ==  (10) 

where dmin is defined as the position where the intensity drops to 1/e2, f is the focal distance, D is the 
beam diameter, M2 is a beam quality parameter which is 1 for the TEM00 Gaussian beam, and γ is the 
wavelength [25]. 

To include all micro-level effects, modelling tool applies factors that determine the proportion of the 
beam energy transformed into heat. These factors have two well-separated roles. All effects that decrease the 
energy of the beam before it is absorbed by the material (i.e. plume formation, reflection, etc.) are considered 
in the coupling efficiency factor (CEF). Therefore, CEF is the ratio of energy coupled in the material and 
energy of the beam. Then energy is absorbed exponentially by the material, and transformed into heat by an 
efficiency factor we refer to as transform efficiency factor (TEF). TEF gives good estimation on the ratio of 
thermal and chemical processes that take place during the ablation process. Detailed description of how these 
factors are determined from real experiments was also presented in our previous work [4]. 

F0 is the fluence at the centre of the beam and it can be calculated from the pulse energy)( impE : 

20 2πσ
impECEF

F
⋅

=  (11) 

since the pulse energy is the definite integral of the fluence over the whole surface and it has to be decreased 
by CEF: 
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Energy (E) in a finite element of volume (its volume is nml ×× ) can be calculated based on (11): 

)1( nemlFE ⋅−−⋅⋅⋅= α  (13) 

thus the rise of temperature in a finite element of volume nml ××  can be calculated as: 

nmlc

ETEF
T

⋅⋅⋅⋅
⋅=∆

ρ
 (14) 

where c is the specific heat capacity, ρ is the density and TEF as described previously. 
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4. Background of the thermal modelling tool 
To summarize, the main object of the Matlab-based modelling tool is to solve equation (5) considering the 
geometry and material parameters, the initial and boundary conditions.  

   The flowchart of the solution can be seen in Figure 2. At first, thermal cells and connection between cells 
are created according to the geometry of the domain under investigation, the output is a special descriptive 
structure. This step is detailed in the next section. The second step is to increase the mesh density. The third 
step is to create a one-dimensional temperature vector, which gives the temperature of the thermal cells. At 
this stage of the solution this vector is filled up with the initial temperature of the material. The next step is to 
calculate the effect of the laser shot according to the principles presented in section 3, this step is showing 
the new temperature distribution. With this knowledge and knowing the given threshold temperature, portion 
of material that is ablated can be determined. In the next stage, the descriptive structure has to be refreshed. 
Cells correspond to a piece of material which is ablated and are removed from the descriptive structure. This 
means that the neighbouring relations between the thermal cells have to be updated, too. In the next stage of 
the process, the temperature vector is re-generated according to the new descriptive structure, since the 
number of thermal cells is decreased due to the ablation. Thermal simulation, which determines the thermal 
behaviour of the domain under investigation, takes place as last step. In the case of consecutive shots, the 
result of the simulation refers back to the fourth step. Outputs of the whole process are temperature 
distribution and the surface profile.  

4.1. Definition of cells and thermal connections between cells 
Definition of cells and calculation of the assigned geometric parameters are completed according to the 

available geometric data. The domain under investigation is divided into rectangular solids and at the 
beginning of the process its density is constant in each direction.  

Calculation, storage, determination of placing cells within the grid and relation between neighbouring 
cells are also important points. A descriptive structure is created by the software to handle the cells and their 
relationships between neighbouring cells. This is shown in expression (15).  
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(15) 

 

This structure is a special two-dimensional matrix. Data in columns are assigned to the elements of a thermal 
cell with a given ordinal number as a row vector, so that the elements of the structure are vectors. Elements 
of the first row are material parameters and therefore geometric data can be assigned to the given thermal 
cell. These data are sequentially: C – thermal capacitance, λ – coefficient of heat conductivity, x, y and z – 
geometric sizes of the element. The following six rows contain the ordinals of the neighbouring cells divided 
into rows per direction.  

If the ordinal of the nth cell is included in one of the rows in the mth column (in vector N), it means that 
the nth cell is the neighbour of the mth cell from a specified direction, this direction defined by position of the 
ordinal in vector N. The vector in the last row contains the coefficient of heat transfer in six directions 
belonging to the specified element. 

4.2. Creating a system of solvable equations 
If descriptive structure is made as above, a system of differential equation has to be created, according to 

equation (5), where the actual cell is denoted by m and its neighbours are denoted by n: 
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(16) 

where Tm(t) is the temperature of the mth thermal cell at moment t, Cm is the thermal capacity of the mth cell, 

Tn(t) is the temperature of the neighbours of the mth thermal cell selected according to the vector N, m
nR  is 

the thermal resistance of the mth cell in the direction defined by the vectors of N, nR  is the thermal resistance 

of the neighbouring element defined by the vector N, m
nh  is the heat transfer coefficient in the specified 

direction, Tn
amb(t) is the ambient temperature in the direction specified. First term of the expression means 

that whilst the elements of the six vectors of contiguity are swept, the neighbours of the mth element in the 
direction specified are selected and equation (2) is applied to them. The second part of the formula is applied 
to the elements that have no neighbours, since they are located at the boundary of the region or are in 
connection with an ambient atmosphere. For these cases Newton formula is used. Elements with no 

neighbours are denoted by mN . Let us define multiplicators of temperature-change as follows. For the first 

part of the formula: 

dt
RRC

e
nm

n
m

⋅
+⋅

=
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1
1  (17) 

For the second part of the formula: 

dt
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The definition of multiplicators in the case of neighbours in direction x is the following (direction y and z 
is similar): 
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The numerator contains calculation of common surface of two neighbouring elements. This formula defines 
the surface of common side in case of both elements. The smaller value is considered by using min() 
function. It enables to define common surface of elements, even if they have only one neighbour in the 
specified direction. Denominator contains thermal resistance, thermal capacitance of the specified thermal 
cell and thermal resistance of its neighbouring element. Multiplicator regarding heat transfer is calculated as 
follows:  

dt
x
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e
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m
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2  

(20) 

4.3. Refreshing descriptive structure 
After a laser shot, a new temperature distribution is calculated according to the cumulative heat and the 

energy of the shot. By knowing the new distribution, the material parts that have higher temperature, than the 
threshold, are ablated. In this way a new geometry is evolved. Therefore, descriptive structure has to be 
refreshed. Cells which have higher temperature, than the threshold, are removed from descriptive structure. 
For this reason, the neighbouring conditions where cells are removed have to be modified: these element no 
longer have neighbours in the given direction, they are instead in connection with the atmosphere. 

5. Modelling of laser ablation 
Modelling parameters were consistent with the parameters of the Coherent AVIA 355-4500 frequency 

tripled, Q-switched Nd:YAG laser system, which is the appliance used in our laser experiments. Width 
parameter was 6 µm, according to the laser system. Material parameters correspond to parameters of 
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polyimide1, which is a widely used polymer in electronics technology and serves as the basis of our laser-
polymer investigations. Thermal parameters were the following [27]: 

Km

W

⋅
= 29.0λ , 

3
1470

m

kg=ρ , 
Kkg

J
c

⋅
= 1130  (21) 

According to our previous works, 0.132 TEF*CEF factor and 535 ˚C ablation threshold temperature and 1.4 

mµ
1

 absorption coefficient were chosen for performing the simulation [4]. The initial temperature of the 

material was 25 ˚C. Initial mesh structure can be seen in Figure 3, size of mesh elements near the laser spot 
was 62.5 x 62.5 x 31.25 nm. For solving the time-dependent equations built-in Matlab functions (ode()) were 
used. These solvers apply adaptive time stepping, in our simulations the order of the minimal time step was 
0.1 ns. Due to efficient solver algorithms, time consumption of the simulations was of the order of minutes2 
per laser shots. 

The result of simulation of a single shot with 10 µJ pulse energy is presented in Figure 4, the temperature 
of thermal cells is shown. In Figure 4 a) thermal distribution can be observed immediately after the laser shot 
and the ablation. Gaussian distribution of the laser shot and gradual absorption of the energy in layers of 
thermal cells can be seen. Besides thermal distribution, on top of the domain under investigation the ablated 
hole can also be observed. In Figure 4 b) temperature of cells is presented 10 ms after the laser shot. It can be 
observed that thermal energy of the laser shot has spread within the material, and the material cools down 
due to the heat loss in the domain under investigation.  

Besides temperature distribution of the domain, other output of the modelling tool is the calculated 
surface profile. Since the tool is capable of handling any fluence distribution, measured distribution was 
applied in the simulation to verify the calculated profile. Fluence distribution of the laser system was 
measured by scanning with a high-speed silicon photodiode3 masked by an 5 µm pinhole4, the fluence 
distribution can be seen in Figure 5. In case of investigation of one laser shot, AFM5 micrograph of the 
ablation hole constituted the basis of verification for the simulation. Measured surface profile of the 
polyimide can be seen in Figure 6, where a single 18 µJ laser pulse was applied. Except fluence distribution, 
which is consistent with the measured values, applied modelling parameters are the same as in the previous 
case. The result of the simulation can be seen in Figure 7, where calculated surface profile in the symmetry 
plane of the laser beam is presented in comparison with the cross-section of the AFM micrograph. It can be 
seen that the simulated profile is in close proximity to the measured profile.  

Consecutive shots are also simulated. Since perpendicular span of the AFM is limited, cross-section 
images of the polyimide foil constituted the basis of verification. In Figure 8 calculated surface profiles 
formed by punching can be seen. In the course of these experiments pulse repetition frequency of the laser 
was 30 kHz, and pulse energy was 22 µJ. By applying these parameters, considerable inhomogeneity appears 
in the beam, due to the frequency tripling of the laser system. Inhomogeneity can be observed in cross-
section images and in simulation results as well, since the modelling tool is capable of handling the measured 
fluence distribution. As can be seen, simulated profiles approximate well to measured results, but it has to be 
noted that the modelling tool underestimates the ablated material in these experiments. The elimination of 
this problem requires further investigations.  

6. Conclusion 
A Matlab-based tool for the modelling of laser ablations of polymers from a thermal viewpoint is 

presented in this paper. Since the latter is a very special problem, a special approach has been applied to 
solving the equation of heat conduction. The finite difference method has formed the basis of the solution, a 
simple and expressive method. However, a novel descriptive structure has also been devised, which 
describes the thermal connections between the elements of the applied mesh. This descriptive structure has 
the following properties and abilities: 

                                                      
1 Upilex-S, high temperature polyimide film, product of UBE Industries Ltd. 
2 Platform: Intel® Core™ 2 Duo 2 GHz with 2 GB of RAM 
3 Purchased from the Thorlabs GmbH, part number: FDS010  
4 Purchased from the Thorlabs GmbH, part number: P5S 
5 Veeco Innova surface probe microscope was applied in contact mode 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 
 

1. Mathematical background of the solution is evident, and it can be implemented in Matlab or in other 
high-level programming language within a short time frame. 

2. In Matlab environment, solver algorithms are already available and do not have to be implemented. 
3. Due to the composition of descriptive structure, the modelling tool is capable of handling non-

uniform mesh. With the use of such non-uniform mesh, accuracy of calculations is much more 
precise, high thermal gradient near to the laser spot can be handled easier and the time consumption 
of the simulation process decrease. 

4. The descriptive structure makes it possible to apply further physical phenomena to take into 
consideration micro-level effects, such as plasma shielding or other side-effects. 

5. The descriptive structure also makes it possible to handle any fluence distribution, so that real, 
measured distribution of the laser system can be applied in simulations. 

6. The descriptive structure makes it possible to vary the geometry of the domain under investigation 
during the simulation.  

Comparison of simulated and measured profiles of a single and multiple laser shot have been presented 
as verification of our method. The next phase of our work will be directed at further investigations into the 
application of the modelling tool. 
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