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Abstract: Matrix Assisted Pulsed Laser 

Evaporation (MAPLE) technique is used for the 

deposition of high quality biocompatible 

polymer thin films, such as polyvinylpyrrolidone 

(PVP), from 2% PVP in dimethyl sulfoxide 

(DMSO) solution. During the entire deposition 

process the temperature of the laser target should 

be kept below 193K to assure the proper quality 

of both evaporation and deposition phases of the 

process. On a first approach COMSOL 

Multiphysics was used to describe and analyze 

the current cooling technology using liquid He2 

and N2. The SolidWorks model of the present 

MAPLE technique was exported through 

Livelink in COMSOL in order to identify the 

present bottlenecks of the process. Addressing 

the identified issues of the process, a new 

cooling technology (Pulse Tube Refrigeration – 

PTR) was designed to assist the MAPLE 

technique. COMSOL Multiphysics enabled the 

simulation of the temperature flux distribution 

during both MAPLE techniques, making 

possible the accurate interface phenomena 

analysis. 
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1. Introduction 
 

Biocompatible nanostructured thin films can 

be obtained through several methods: dip coating 

[1], Langmuir Blodgett [2], layer-by-layer [3], 

Pulsed Laser Deposition (PLD) [5], etc. During 

the PLD process a bulk material target is 

irradiated by a laser beam. Under the heating 

process, and phases changes, the bulk material is 

reaching the plasma state in the space between 

the surface of the laser target and the surface of 

the substrates holder; afterward, cooling layer-

by-layer on the substrate. A more accurate 

method to obtain biocompatible nanostructured 

thin layers from organic frozen compounds is 

MAPLE [4] (Fig.1). This is a laser technique 

rooted from PLD, but in this case a frozen 

solvent matrix is used to protect the 

biocompatible compound from the thermal effect 

of the laser pulsesHowever, the solvent and the 

organic compound are mixed and frozen before 

the MAPLE technique application, and the laser 

beams energy is much lower than that used in 

PLD method [6-8]. 

 

 
Figure 1 MAPLE technique 

 

Thus, on MAPLE there is no more plasma 

during the deposition process, but an evaporation 

followed by a condensation on the substrate. As 

soon as the evaporated mixture reaches the pre-

heated surface of the substrate (320K), the 

solvent is evaporated, and an organic film of 

~100Å/pulse, on up to 20.000 pulses of 25ns 

each, at a frequency of 10 Hz high, is condensed 

layer-by-layer on the substrate. 

On this study the SolidWorks model of the 

MAPLE reaction chamber, having attached a 

cooling system with an adjacent cooling agent 

(N2 liquid) holder (Fig. 2 a,b),  was exported 

through Livelink to COMSOL Multiphysics.  

 

 
 

a) 

 
 

b) 

Figure 2 Classic cooling system. a)MAPLE 

chamber, b) MAPLE assembly 

 

A simulation of the temperature distribution 

of DMSO, inside the rotating Copper target, has 

been done using FEA in COMSOL (Fig. 3). The 



 

thermal distribution analysis within the DMSO 

sample cooled by the adjacent holder (liquid N2 

at 77K) illustrates that during MAPLE 

deposition under 25ns laser pulses, the DMSO 

target changes its phase state from solid to 

liquid, and from that on the thin layer deposition 

cannot occur any more.   

 

 
Figure 3 Temperature distribution of an target 

(DMSO+2%PVP) in an classic cooling system 

 

After this analysis a new heat transfer system 

was designed to assist the MAPLE technique 

aiming to maintain the adequate values of the 

parameters across both evaporation and 

deposition phases of the process. The Pulse Tube 

Refrigeration cooling system has been designed 

to fit the technical data of the MAPLE reaction 

chamber (Fig.4). Its SolidWorks model was as 

well exported through Livelink in COMSOL 

Multiphysics and a new thermal distribution on 

the DMSO sample was determined (Fig. 5) for 

the Copper target rotating all together  with the 

PTR system. 

 

 
Figure 4 Chamber assembly for MAPLE with 

PTR cooling 

 

 
Figure 5 Temperature distribution of an target 

(DMSO+2%PVP) in PTR cooling sys 

 

2. Governing Equations 

 
For the Copper target cooled through an 

adjacent holder the thermal distribution within 

the laser target is governed by the Equation 1 [9]: 

 

𝜌(𝑇) ∙ 𝐶𝑃 (𝑇)
𝛿𝑇(𝑥,𝑧,𝑡)

𝛿𝑡
= ∇ ∙ [𝑘(𝑇) ∙ ∇𝑇(𝑥, 𝑧, 𝑡)] +

𝑄(𝑧, 𝑡)                                                                        (1) 

 

where: x and z are space coordinates (z being the 

normal to the surface); ρ is the mass density; CP- 

the specific heat at constant pressure; k is the 

thermal conductivity of the material. Q (z,t) is 

the amount of energy absorbed within the target 

during a laser beam pulse, being expressed by 

the Equation 2 [9]: 

 

𝑄(𝑧, 𝑡) =  𝐼𝑆(𝑧, 𝑡) × (1 − 𝑅) × 𝐴𝐶 exp(−𝐴𝐶𝑧)      (2)                                        

 

where: IS(t) is the temporal irradiance on the 

surface of the target; R is the reflectivity of the 

material, and AC is the absorbance of the target. 

The temporal laser irradiance is governed by the 

Equation 3 [9]: 

 

𝐼𝑆(𝑧, 𝑡) = 𝐼0(𝑧, 𝑡)𝑒𝑥𝑝 (
−3.5(𝑡−𝜏𝑚)

𝜏2 ) 𝑒𝑥𝑝 (−
𝑥2

𝑟2) (3)            

                                                                          

where: I0 is the intensity of the laser on target 

(W/cm2), and the second part of the equation 

represent the Gaussian profile of the laser, where 

𝜏𝑚 is the time at which the power is maximum 

(τm = 25ns for full width at half maximum -

FWHM, and a maximum pulse energy of 

700mJ), x is the position of the laser, r is the 

radius of the laser beam 



 

The absorption coefficient of the target AC 

was determined with Equation 4 [10]:  

 

𝐴𝐶 =
1

𝛿𝑎
=

2𝜔𝑛2

𝑐
=

2𝜋𝑛2

𝜆
                          (4) 

 

where : δa represents the penetration length, ω is 

the circular frequency, n2 is the extinction 

coefficient, c is the speed of light in vacuum and 

λ is the wave length of the laser beam. From 

experimental data it was determined that the 

penetration length is δa ≈ 9nm. 

 For the calculation of n2, one has to use the 

Equation 5 [10]: 

 

𝑛𝐶 = 𝑛1 + 𝑖𝑛2                                                (5) 

 

where: nc is the complex reflective index, and n1 

is the refractive index of the material. 

 

The main difference between the use of an 

adjacent cooling system and a PTR sys is given 

by the Equation 6 [COMSOL tutorial]: 

 

𝑞𝑡𝑎𝑟𝑔𝑒𝑡 (𝑟, 𝑇, 𝑡) =
𝜇×𝐹𝑛

𝐴𝑆
𝜔𝑡 × 𝑟 + ∆𝑇         (6) 

 
where: μ is the coefficient of dry friction; Fn – 

the normal force on the target; AS – contact 

surface between the target and cooling agent 

holder; ωt is the angular velocity of the target 

(rad/s) and r is the radius of the target. 

 

3. Methods 
 

The FEA of the Copper target containing 

5mL of (DMSO+2%PVP) under the effect of 

laser beam pulses produced by COMPlex Pro 

205 KrF excimer laser  has been done for a laser 

beam having the following characteristics: wave 

length λ=248nm, pulse τm = 25ns for full width 

at half maximum (FWHM) and maximum pulse 

energy Qm = 700mJ. Previous studies have 

revealed that for this specific deposition a 

fluence (Energy/surface [J/cm2]) of 4 J/cm2 is 

required. 

During the MAPLE process the Copper 

target is rotating with 60RPM. In the case of the 

use of an adjacent cooler the rotation between 

this cooler and the MAPLE reaction chamber is 

taking place with friction; in the case of PTR sys 

(Fig.6) the entire assembly (Copper target and 

PTR sys) is rotating all at once. The PTR sys is a 

cryocooler without moving parts, needing no 

liquid bath cryostat within its structure. Actually, 

the Pulse Tube is a simple tube having one open 

end and one closed end. The closed end is the hot 

end is being capped with a heat exchanger 

cooling it to the ambient temperature. The open 

end is the cold end, being connected with the 

regenerator and a cold stage of a second heat 

exchanger. The regenerator is a periodic flow 

heat exchanger [13] 

 

 
Figure 6 Section view in PTR assembly 

 

4. Theory 

 
The use of Pulse Tube Refrigeration is 

supposed to eliminate the impediments of 

heating during friction of the relative moving of 

the parts of the system. As well PTR is working 

on a greater temperature range offering a better 

control of the nominal temperature. Coupling it 

with control software and adequate sensors 

harvesting real time data from the process, users 

may choose almost any nominal temperature 

from a wide range [13]. 

 

5. Numerical Model 
 

The model of the system was designed with 

the use of a 2D-axisymmetric representation, 

thus the coordinates used in the equations have 

been changed to: r for x, and z for y. The 

parameters used for the finite element simulation 

are on Table 1. From equation 2, 𝑄(𝑧, 𝑡) was 

written using the variables section of COMSOL, 

under model 1 for the DMSO domain, as [11]:  

 

Q_target = I*(1-Rc)*Ac*exp(-Ac(z))*an2(t)   (7) 

 



 

where: I is the intensity of the laser on the target 

surface multiplied with the Gaussian of the laser 

in time and space[14], as (Fig.8) : 

 

I=I0*Gauss_time(t)*Gauss_space(r)                (8) 

 

where: Gauss_time and Gauss_space (Fig.7)  are 

an analytical functions defined in the global 

definitions as (Fig.4): 

 

Gaus_time = exp(-3.5((t-tau_m)*(t-

tau_m))/(tau_m*tau_m))                                  (9) 

 

Gauss_space = exp(-(r^2/r0^2))                     (10) 

 

with the arguments t,, and arguments for unit s,; 

and in the plot parameters, for :t - [0, 10e-8],and 

argument r, and argument for unit mm, and in the 

plot parameters: r-[-10e-5, 10e-5]. In order to 

simulate a pulsed laser beam, in the heat 

Equation 7, the heat flux distribution was 

multiplied with an2 (t) (Fig.8). 

 

 
                     a)                                      b) 

Figure 7 Gaussian profile of the laser beam depending 

of a) space and b) time 

 

The function an2 (t) has the expression of a 

triangle function tri1 (t), with the arguments t, 

unit arguments s, and plot parameters t – [0, 

10*tau_m], and periodic extension of [0, 

2*tau_m]. The triangle function tri1(t)  

mentioned earlier has the lower limit tau_m/2 

and the upper limit tau_m/2+tau_m.  

For the friction section, equation (6) was 

written as [12]: 

 

Q_contact= (mu*F_n/A_contact) * (R*omega) 

+step1 ((T_LN2) [1/K])                                  (11) 

 

Where R has the expression: 

 

R=sqrt (2*r^2)                                                (12) 

 

 
Figure 8 Graph of an pulsed laser deposition at 

10[Hz] 

 

The term step1 (T_LN2) from Equation 11 

denotes the transition from the temperature of 

293.15 K to 77 K, where the function step1 is 

293.15 ÷77 with a smoothing of 0.1.  

Equation 11 it is written in the variables 

section, with a condition applied to the boundary 

that is in contact with the cooling agent holder. 

The copper target model was analyzed using 

the COMSOL modules Heat transfer in Solids 

with the features Heat Source with equation (7) 

and Heat Flux ,that  where applied to the mesh, 

with equation (13). 

 

𝑞0 = ℎ × (𝑇𝑒𝑥𝑡 − 𝑇)                                       (13) 

 

where: q0 is the heat flux(W/cm2), h - heat 

transfer coefficient, Text  external temperature; T 

– object temperature. 

 Using the mesh structure of the target model, 

time depending studies were computed for both 

models (cooler and PTR) and the results have 

been processed. 

 

6. Experimental Results 

 

 As an output of the numeric model 

analyses, the following graphics have been 

obtained: 

 



 

 
a) 

 
b) 

Figure 9 Thermal distribution due to friction in a) 

LN2 cooling agent and b) PTR cooling 

 

 
a) 

 
b) 

Figure 10 Thermal distribution due to laser irradiation 

in a) LN2 cooling agent and b) PTR cooling 

 

 
a) 

 
b) 

Figure 11 Isothermal contour within the target in a) 

LN2 cooling agent and b) PTR cooling 

 
    Table 1 Simulation parameters 

 

 

7. Conclusions 

 

 The use of PTR is more effective: with 

the liquid N2 cooling system the temperature 

of the target goes above the melting point of 

DMSO at low pressure (213.15K), while by 

the use of PTR cooling system the 

temperature of the target stays well below 

this threshold. 
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