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Abstract 

This thesis explains a comprehensive study on the thermal modeling aspects of Laser Induced 

Forward Transfer (LIFT), a laser direct write technique. The LIFT process utilizes a focused 

laser beam to transfer a donor material coated on a laser wavelength transparent substrate to a 

receiver substrate kept in close proximity. COMSOL Multiphysics is used to implement a 

two-dimensional time dependent surface and volumetric heat generation model.  

The thermal model covers the laser induced heating in a pure copper donor material for 

nanosecond and picosecond pulsed Nd:YAG (Neodymium doped Yttrium Aluminium 

Garnett) lasers operating at 355 nm wavelength. The model is used to understand the molten 

regime of the donor material during LIFT process with a stationary laser beam of Gaussian 

profile in temporal and spatial domain. The input parameters used in the model include both 

temperature-dependent as well as temperature-independent thermophysical material 

properties such as heat capacity and thermal conductivity. In addition, theoretical 

investigations are done to study the optical properties of the material such as absorption 

coefficient and reflectivity. Simulations are done by changing pulse length, energy per pulse, 

donor layer thickness and wavelength. Investigation of the heat loss in the donor substrate is 

also carried out. The influence of wavelengths for 355 nm, 532 nm and 1064 nm at a fixed 

laser fluence and thickness is also studied.  

The simulation result shows strengths and weaknesses of both nanosecond and 

picosecond systems. A picosecond pulse is much dependent on thickness of the material (a 

few 100 nanometers) whereas a nanosecond pulse is capable of melting a thicker layer (a few 

micrometers). Choosing a particular laser pulse depends entirely on the type of applications 

and requirements. 

It is observed that the peak surface temperature increases linearly with increasing 

fluence and falls exponentially with increasing donor layer thickness. Also, it is seen that the 

longer wavelengths require more energy to reach melting temperature at same fluence and 

thickness due to increased value of reflectivity and less energetic photons. The simulated 

results give a good approximation to the experimental results of copper LIFT. The model can 

be used for other materials also by using the relevant material properties.   
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Preface 

The term “Laser Induced Forward Transfer (LIFT)” was coined by Bohandy et. al. in the 

year 1986, the group successfully transferred metallic copper deposited on a glass substrate to 

a receiver substrate. After more than two decades of the invention, LIFT has made great 

advances and gained attention in the research community as well as microelectronics 

industry. The simplicity and versatility of this process made it a sought after technique for 

transferring a large number of materials such as metals, inks, pastes, semiconductors, oxides, 

dielectric and biomolecules. But there are still many parameters that need to be optimized and 

tools to be developed for LIFT to be commercially successful. This technique finds 

applications in fabrication of organic light emitting diodes, interconnects and transfers of 

biomolecules. LIFT has many variants which are similar in processes such as Laser Decal 

Transfer (LDT), Laser Induced Thermal Imaging (LITI), Dynamic release Layer-LIFT (DRL-

LIFT), Matrix Assisted Pulsed Laser Evaporation-LIFT (MAPLE-LIFT) etc. In this thesis, 

LIFT process is investigated with an emphasis on thermal modeling of a metal donor material 

and laser pulse interaction.  

 This master thesis is carried out at Holst Centre, located at High Tech Campus 

Eindhoven, The Netherlands. Founded in the year 2005 by IMEC (Flanders, Belgium) and 

TNO (The Netherlands), it is named after Gilles Holst, the Dutch pioneer in research and 

development and first director of Philips research. Holst Centre is an open innovation 

research and development center that develops generic technologies for Wireless 

Autonomous Sensor Technologies and Flexible Electronics. It works in large collaboration 

with academia and with over 40 industrial partners [6]. The program Systems in Foil (SiF) 

focuses on developing technology to make devices on flexible substrates. Within the SIF 

program line, the technological program (TP) “Patterning for flexible systems” aims to 

develop novel patterning technologies, such as laser processing, imprint lithography and 

optical lithography. The thesis work is carried out in Laser Processing group. 
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1 Introduction 

1.1 Background 

LASER, an acronym for Light Amplification by Stimulated Emission of Radiation has the 

capability to produce a beam of electromagnetic radiation with wavelength ranging from 

ultraviolet to infrared which is highly coherent, convergent and monochromatic in nature. 

Lasers are capable of delivering power from a few milliwatts (mW) to hundreds of kilowatts 

with accurate spot dimensions. Due to these unique properties lasers have found applications 

in fields like communication and broadcasting, metrology, military, chemical and medical, 

material processing, micro fabrication and maskless lithography [1][2]. Due to the increasing 

availability of high power ultrafast short pulse lasers, new technologies on material 

processing using lasers have been developing rapidly. A few examples include 

micromachining, patterning, sintering, cleaning, surface modification and additive 

manufacturing. Even though the applications of Short-pulse lasers in Micro- and Nano-

technological systems is exhaustive, a few of the applications where lasers have attracted 

attention include pulsed laser deposition [34], micro-pattering for flexible electronics [35], 

flexible Organic Light Emitting Diodes [3] and drug delivery devices, biosensors [4] etc. 

Lasers have acquired significant attention in direct write technique and one of these 

emerging technologies include Laser Induced Forward Transfer (LIFT), an additive 

patterning process allowing transfer of materials from a transparent donor substrate to a 

receiver substrate.  

In this process, the material to be transferred is applied on a laser wavelength 

transparent donor substrate and kept in close proximity to a receiver substrate; a laser beam is 

then focused on the obverse surface with a certain fluence which helps in transfer of material 

from donor to the receiver substrate. A schematic of the basic working principle of LIFT is 

shown in figure 1.1. 
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           Figure 1.1: A schematic diagram showing working principle of LIFT 

The versatility of LIFT lies in the transfer of a wide range of materials starting from 

metals, inks, pastes, semiconductors and dielectrics to sensitive materials like proteins which 

is not possible with the conventional printing technology. The possible applications of LIFT 

include fabrication of interconnects [5], backplanes for thin film transistor displays, organic 

light emitting diodes [6] etc. Since LIFT is an additive process, one possible application 

could be to use it for repairing devices in microelectronic industry e.g. open circuit due to less 

deposition of material during manufacture. LIFT has shown enormous improvement over the 

years and now it is possible to even LIFT active materials like protein and biological solution 

with proper selection of wavelength and energy [7]. 

In order to optimize and have a better control of the transfer process during LIFT, laser 

as well as material parameters such as wavelength, pulse duration, thermal conductivity, and 

heat capacity needs to be controlled and investigated respectively. Since LIFT utilizes high 

power laser source, one of the important aspect to understand the physical mechanism of the 

transfer process include the knowledge of heat transfer and resulting temperature change 

when the material is irradiated with a laser pulse. 

1.2 Project Objective 

The main objective of this thesis work is to investigate the heat distribution and resulting 

temperature change in a metallic copper film during LIFT process. The idea is to study the 

dependence of laser parameters (laser fluence, pulse duration, wavelength) and material 

properties (thermal conductivity, heat capacity, absorption coefficient). To this purpose, a 

two-dimensional finite element model (FEM) in COMSOL Multiphysics is developed to 

study the peak surface temperature and temperature across the thickness of the donor 
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(copper) layer. The qualitative analysis of the obtained result should provide essential 

information about the laser material interaction and temperature rise in case of a nanosecond 

and a picosecond laser pulse system. Additionally, a theoretical study is done to estimate the 

optical property of copper at a particular wavelength such as absorption and the temperature 

dependent property was taken from other scientific journal publication. 

    Once the model is made, simulations are done by changing laser pulse duration, 

wavelength, and donor layer thickness and laser fluence. The heat loss in the donor substrate 

is also observed in one modeling result and it was noted that there is some amount of heat 

loss in the donor substrate. The simulated results are compared with the experimental results 

of LIFT of copper.  

1.3  Project Structure 

Since LIFT involves use of a laser beam as energy source which passes through a laser 

wavelength transparent substrate and gets absorbed by the metallic donor layer. The 

absorption of laser energy within the thin metallic layer results in heating, melting and 

vaporization. Therefore, the thesis is organized in a way to proceed step by step starting with 

the basic of laser-material interaction phenomena to reach the final modeling results. It is 

organized into following chapters. 

In chapter 2, the essentials of basics of laser-material interaction relevant to this thesis work 

is explained. 

In chapter 3, a detailed discussion about laser direct write techniques are presented. The basic 

transfer mechanisms of the most common processes are outlined. 

In chapter 4, a discussion on heat transfer process and modeling process for laser ablation is 

described mathematically. 

In chapter 5, the fulcrum of this work, the modeling approach, simulation results and the 

comparison of the results with experimental data is presented. 

Finally chapter 6 gives the conclusions of this work with some suggestions to further improve 

the model and extend this work. 
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2 Basics of laser-material interaction 

2.1 Laser-material interaction 

The ability to precisely control rate and place of energy deposition using lasers makes it a 

preferable tool in materials processing. With the proper selection of laser parameters, a 

control on material modification can be achieved.  A number of phenomena can take place 

when a laser beam interacts with a material. The material can be modified and it can undergo 

property changes depending on the physical mechanisms of the interactions such as, the 

interaction may lead to trapped electronic state or bond modification resulting in densification 

and defect formation. A high intensity laser beam can cause heating, melting, boiling and 

even material ionization leading to void formation and material ablation. Figure 2.1 shows 

some of the physical interaction when material is irradiated with a laser beam. 

In this chapter, a discussion on the mechanism of laser material interaction, the 

relevant equations and absorption is described. 

      Figure 2.1: Physical interactions during laser material interaction [8]. 

2.2 Propagation of Light in material 

When laser light is incident on a material surface, a part is reflected back in the medium, 

parts get transmitted and some gets absorbed. The attenuation of incident laser intensity 

inside the target material can be explained by Lambert-Beer’s law [9], and can be expressed 

mathematically by Eq.2.1. 
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                        (2.1)  

 

where    (    ) is the incident laser intensity at a given time, t (s) , z (m) is thickness of the 

material, R, reflectivity and   (m-1) is absorption coefficient which depends on material, 

wavelength and laser intensity.  

In order to knock off an atom from the surface of a metal, it is necessary to deliver 

energy exceeding the binding energy of the atom.  When an electromagnetic radiation passes 

over a small charged particle it induces strong vibration. Let us take the case of an electron 

either free or bound interacting with a photon, the process of photon absorption by electron is 

known as “inverse Bremsstrahlung effect”. As the electron vibrates it either re-radiates or is 

confined by the lattice phonons, in which case it is considered to be absorbed. In the latter 

case the phonons cause the lattice to vibrate; this gets transmitted through molecular linking 

by diffusion. This vibration in the structure is observed as heat, described by “Fourier’s Law 

of heat conduction”. A more detailed discussion about heat conduction is given in chapter 4. 

On adequate supply of energy the vibration becomes so strong that it stretches the 

molecular bonding and the mechanical strength becomes very weak, this is termed as 

melting. Addition of more energy leads to strong molecular vibration and hence evaporation 

starts. Now, the vapor has only bound electrons and on abundant absorption the electrons are 

set free and the material is in plasma state. Laser interaction with plasma is outside the scope 

of this thesis so we restrict the discussion to melting. 

2.3 Linear and Non-Linear absorption 

Under normal conditions, when light interacts with a material, linear effects are observed 

i.e. the material responds proportionally gives rise to linear effects of reflection, refraction 

and absorption occurring at the same frequency. In the linear regime, the absorption 

coefficient of the material at a particular wavelength determines the extent of the laser-

material interaction. For weaker absorption, the amount of energy absorbed per unit volume 

decreases and therefore the photons will be able to penetrate over a longer distance. If the 

absorption is very high, most of the light energy will be absorbed at the surface.  

When the intensity of the laser beam is very high non-linear effects are observed and the 

ionization process is classified into two different modes such as multiphoton ionization and 

avalanche ionization. Non-linearity was observed with the discovery of second harmonic 
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generation and it opened a new dimension in the area of laser matter interaction making 3D 

structuring possible [10]. A few examples include the Kerr effect, wave mixing, Raman 

scattering etc. Non-linearity can be observed mostly in cases of ultrashort laser pulses such as 

a femtosecond laser pulse. In multiphoton ionization, the absorption of more than one photon 

induces ionization. The conduction band (CB) can absorb more than one photon to increase 

the energy of an electron, the ionized electrons promotes a valence band (VB) electron to a 

CB electrons due to collision, resulting in a pair of CB electrons, this number rises 

exponentially giving rise to avalanche ionization [57]. A schematic representation of a 

multiphoton ionization and avalanche ionization is shown in figure 2.2. 

 

Figure 2.2: Schematic diagram representing: (a) multi-photon ionization (MPI), (b) 

Avalanche ionization [57]. 

When the laser light is inside the material, the intensity decays with depth (z) 

depending on the value of material absorption coefficient ( ), though   is a function of 

wavelength and temperature, for constant value of   , laser intensity decay follows Lambert-

Beer law, while for non-constant values it deviates from this exponential behavior. 

The optical penetration/absorption depth, δ (m) is defined as the depth at which the 

laser intensity drops to 1/e of its initial value at the interface is given as δ    . Figure 2.3 

shows optical penetration depth as a function of wavelength for both metals and 

semiconductors. The important thing we observe from the plot is that, optical absorption 
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depth is very small compared to the bulk material dimensions, e.g. in case of copper the 

optical penetration depth is approximately 15nm at a wavelength of 355nm. 

 

 

             

Figure 2.3: Optical Absorption depth as a function of wavelength [7]. 

Absorptivity, A, of a material is defined as the ratio of absorbed energy to incident 

energy and reflectivity, R. When light gets completely absorbed, reflectivity of the material 

can be defined by Eq. 2.2 below.  

 R=1–A (2.2)  

 

If the material is transparent or very thin metal film then part of the incident light is 

transmitted, it is termed as transmissivity (T) and in this case reflectivity can be defined as: 

 R= 1- (A + T) (2.3)  

 

The complex refractive index,    describing the optical characters of a material can be written 

as 

         (2.4)  

 

where   is the refractive index and   is the extinction coefficient. The reflectivity of a 

material can be estimated from the refractive index and extinction coefficient. For a normal 

angle of incidence the reflectivity can be denoted by Eq.2.5.  

   
         

         
 (2.5)  
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Therefore, for a metal, absorptivity can be written as,  

       
  

         
 (2.6)  

 

The variation of intensity with depth z can be described by combing Eq.2.5 and Lambert-

Beer law and expressed in terms of wavelength of the incident light by Eq.2.7. Refer 

appendix 8.1 for derivation. 

                
    

 
  (2.7)  

 

E.g. for copper at λ=355nm the value of  =1.9120 [49], the intensity would fall to 0.36 (1/e) 

of its original value after a depth of approximately 15nm. 

The reflectivity of a material can take values between 0 and 1 i.e. for a perfectly 

reflective surface R=1 and R=0 for highly absorptive surface. A metallic material shows very 

high value of reflectivity and low absorption. Not only wavelength and temperature but the 

values of reflectivity and absorptivity can also be influenced by physical condition of the 

material such as surface roughness and chemical composition such as formation of oxide 

layers. In this work, change in reflectivity with respect to change in temperature is considered 

at a fixed wavelength.  

2.3.1 Effect of wavelength and temperature 

 

Figure 2.4(a): Reflectivity as a function of Temperature for  =1.06 µm radiation (b)     

Reflectivity as a function of wavelength [8]. 
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As mentioned in section 2.3, the reflectivity of a material can be influenced by both 

temperature and wavelength. For comparison, the temperature and wavelength dependence of 

the reflectivity is represented in figure 2.4. Figure 2.4(a) shows variation of metal reflectivity 

with respect to rise in temperature at a fixed wavelength; it can be observed that, the value of 

reflectivity decreases with increase in target temperature. This change in reflectivity with 

temperature can be accounted to the increase in phonon population at higher temperature 

which results in more electron-phonon collisions resulting in energy exchange owing to 

higher absorptivity and low reflectivity. Figure 2.4(b) gives the relation between change in 

reflectivity with respect to wavelength at fixed temperature, it is evident from the graph that, 

for  shorter wavelength, the energetic photons interact with larger number of bound electrons 

in metal resulting in absorption and hence the decrease in reflectivity of the material [8].  

2.4 Nanosecond, picosecond and femtosecond interactions 

The electron in a metallic material gets excited to a higher energy state upon laser 

irradiation, this leads to rapid thermalization of electrons and hence free hot electron gas is 

produced. The electron gas diffuses through the material and heats it up through electron-

phonon collisions. The collision time is an important parameter that distinguishes between 

the physical processes of laser pulse interaction with a material and categorizes it as thermal 

and non-thermal processes respectively. Typically the electron-phonon (e-p) collision time is 

in sub-picosecond (10
-14 

s – 10
-13 

s) range at room temperature [12]. Thermal processes are 

associated with laser pulses of pulse length longer than the e-p collision time such as a pulse 

length of typically below 10 ps, but, when the pulse length is comparable to the e-p collision 

time then it falls under non-thermal processes. 

A qualitative discussion is presented in section 2.4.1, 2.4.2 and 2.4.3 respectively to 

understand the behavior while operating the laser energy in nanosecond, picosecond and 

femtosecond regimes. Let us assume that tp is the laser pulse length, electron cooling times, te 

and a lattice heating time, ti.  

2.4.1 Nanosecond pulse 

In case of a laser pulse length in nanoseconds(10
-9 

s) regime, the pulse duration is 

longer than the lattice electron-phonon thermal relaxation time i.e. tp > ti, the hot electrons 

gets enough time to establish thermal equilibrium with lattice and consequently both 

a b 
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electrons and the lattice are at the same temperature [13]. It is assumed that the laser energy 

absorbed gets instantaneously converted into heat within the volume of absorption [14]. 

2.4.2 Picosecond pulse 

In case of a laser pulse length in picosecond (10
-12 

s) regime, the pulse duration is 

between thermal electron cooling time and lattice heating time i.e. te << tp << ti. The lattice 

temperature can be neglected because at a time t >> te the electron temperature is said to be in 

quasistationary state and electron temperature is higher than lattice temperature [15]. 

2.4.3 Femtosecond pulse 

In the case of a femtosecond (10
-15 

s) pulse length, the pulse duration is shorter than the 

electron phonon relaxation time i.e. tp << te. In this case the electron-phonon thermal 

relaxation time controls radiation energy transfer and hence it should be taken into 

consideration. Electrons and lattice are no longer in thermal equilibrium and therefore it 

should be treated as two separate subsystems. Heating of the material proceeds in two steps,  

(i) Electrons absorb photon energy and  

(ii) Lattice heating is done through electron phonon-coupling [13].  

2.5 Conclusion 

The fundamentals of laser-material interaction are explained providing a background to 

understand the modeling process in greater detail. The exponential decay of laser intensity 

inside the material follows Lambert-Beer’s law; the absorption coefficient of the material 

plays an important role. Absorption coefficient is a function of wavelength and the inverse of 

absorption coefficient termed as penetration depth is limited to an optical penetration depth of 

nanometer range for a laser source of wavelength in UV regime and remains more of less 

constant for copper. Depending on the laser pulse intensity the interaction process can 

defined as single photon or multi-photon processes. Also, the reflectivity of the material is 

dependent on both wavelength and temperature and for a fixed temperature it increases with 

increasing wavelength while at fixed wavelength the reflectivity decreases with increasing 

temperature. The dependence of laser pulse length is highlighted; it is one of the most 

important parameter in selecting the models to explain the laser heating process. Depending 

on the laser pulse length the process can be categorized into thermal and non-thermal 

processes.  
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3 Laser Induced Forward Transfer-An Overview  

3.1 Introduction 

The discovery of the ruby laser in the year 1960 [16] led to a number of potential 

applications, which have developed to the extent that lasers is present almost everywhere. 

Due to the availability of lasers with pulse duration ranging from microsecond to 

femtosecond regime at higher repetition rates, lasers have shown promising application in 

material processing such as welding and cutting, material removal such as pulsed laser 

ablation, material deposition such as pulse laser deposition and laser direct write such as laser 

induced forward transfer [17].Laser transfer techniques are widely used in microelectronics 

industry as an alternative to lithography processes to deposit precise patterns of materials 

without degrading the desirable properties of the bulk material [18]. In this process a laser 

source is used to stimulate transfer of material from a donor substrate kept either in contact or 

in close proximity to a receiver substrate. A laser pulse is incident on the transparent donor 

substrate and is absorbed by the coated material. Above a certain threshold energy the 

material is ejected and moved to the receiver substrate [19]. 

Laser Induced Forward Transfer of metal is the theme of this work and hence before 

proceeding to investigate about the physical process in detail, a qualitative overview of 

various laser direct write technique is outlined. A schematic diagram showing the basic 

component and transfer process in a laser direct write technique is shown in figure 3.1. 
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Figure 3.1: Schematic diagram showing components and process of laser direct-write 

technique [18] 

3.2 Laser Induced Forward Transfer (LIFT) 

The earliest work of laser-induced transfer dates back to 1970 when Levene et.al transferred a 

black ink from a polyethylene backed typewriter ribbon and colored dyes applied to a Mylar 

substrate across an air gap of 100-200 μm using Nd:YAG laser source with a wavelength ( ) 

of 1.06 μm [20]. This work highlighted the simple and high speed writing capability of laser 

writing technique and also suggested a simple model based on melting and vaporization to 

explain the transfer process as a function of laser energy.  Alas it remained unnoticed for over 

15 years since the group did not use a different material. 

Bohandy et. al first demonstrated deposition of copper metal using laser transfer 

inside a vacuum chamber [21]. The group used an excimer laser pulse with  =193 nm and 

pulse width (τ) =15 ns to transfer 0.41 μm copper (Cu) layer deposited on a fused silica plate.  

The Cu was transferred on a silicon substrate kept in close proximity of the source substrate, 

where a scotch tape test was conducted to test the adhesion of the transferred material. A 

measurement on resistivity showed values ranging between 3 and 50 times the values of bulk 

copper. This group gave the term Laser Induced Forward Transfer. The step by step transfer 

process is shown in figure 3.2. 
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Figure 3.2: Step by Step transfer process during Laser Induced Forward Transfer [18] 

According to this model the transfer takes place in four steps 

a) absorption of laser radiation leads to heating of thin film at the interface 

b) the confined superheated vapor pushes away the melted film 

c) both melted and vaporized film is ejected towards the receiver substrate 

d) the ejected material gets deposited on the receiver substrate. 

LIFT started gaining popularity and it was applied to transfer large number of materials 

including semiconductor (Ge/Si) thin film structures, Oxides(Al2O3), conducting polymer 

such as PEDOT (Poly 3, 4-ethylenedioxythiophene) [18] and biomolecules [22]. 

In order to develop a thicker film repetitive transfer can be performed over the same area, 

similarly a stack of different materials can be grown by just using a new donor material. By 

controlling parameters like donor film thickness and laser fluence LIFT can produce uniform 
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pattern with very high resolution. In the next section, basics of major laser direct writing 

mechanism and their material transfer characteristics are discussed.  

3.3 Laser direct writing (LDW) 

Laser direct writing refers to the transfer of 1D-3D features by laser induced deposition 

of materials. It can be performed in a number of ways which includes depositing from solid, 

liquid and gaseous precursors and material transfer [18].   

3.3.1 Laser chemical vapor deposition (LCVD) 

Chemical vapor deposition (CVD) is used to deposit growing layers on a substrate. In 

conventional CVD process, a gaseous compound is passed over a heated substrate where the 

compound decomposes or combines with other constituents to form a layer on the substrate.  

Lasers can be used as a heat source for selective area CVD and the process is called laser 

chemical vapor deposition (LCVD). A basic diagram showing LCVD process is shown in 

figure 3.3. The laser beam is focused through a transparent window and the transparent 

reactants onto an absorbing substrate where a localized hot spot is created and the reaction 

takes place [23]. The hot target dissociates the gas locally and a thin layer deposits on the 

substrate.  

 

 

 

 

 

 

                                 Figure 3.3: Schematic of basic LCVD process [23] 

Multiple layers can be deposited by repeated scans. It is also possible to make 3D 

structures using LCVD. Material deposition using LCVD is limited by gas transport and it is 

dependent on factors such as gas pressure, scanning speed and laser power density. The 

advantages using a laser beam include high spatial resolution, limited substrate distortion, 

localized heating and can be coupled with laser annealing. It is possible to deposit almost all 
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material using LCVD. The potential application of LCVD include writing interconnects, 

circuit repair, localized coatings [23][24] etc. Laser assisted catalytic chemical vapor 

deposition is also used as a novel method to grow carbon nanotubes on cold substrates [58]. 

3.3.2 Laser-enhanced electroless plating (LEEP) 

In LEEP the substrate is submerged in a chemical solution containing the metallic ions to be 

deposited. A laser beam is then focused on the substrate surface causing localized heating and 

temperature rise. The laser induced temperature rise in the substrate increases the local 

chemical reaction, causing a redox reaction to take place resulting in material deposition.  

This process can be followed by electroplating or electroless plating to increase the material 

thickness.  It is only possible to make 1D and 2D features using LEEP. Material such as 

nickel on an alumina substrate using a XeCl excimer laser at 308 nm wavelength [25] and 

copper wires on Si substrate with Ar
+
 laser [26] has been deposited using LEEP.  

3.3.3 Matrix assisted pulsed-laser evaporation (MAPLE) 

 

 

 

 

 

 

 

 

                             Figure 3.4: Schematic of the MAPLE process [27] 

MAPLE is used to deposit ultrathin and uniform layers of organic and inorganic polymers 

and other materials in vacuum. In MAPLE, the material to be coated is first combined with a 

matrix and then frozen or coated onto a support substrate to form a laser target. The matrix 

material is selected such that it is more volatile than the material to be coated and less likely 

to adhere to the receiving substrate. When the target is exposed to a laser source, the matrix 
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material being more volatile evaporates while the coating material gets heated. The coating 

material, usually a polymer gains sufficient kinetic energy through collective collisions with 

the evaporating matrix material. A receiving substrate is placed directly in path of the plume 

resulting in deposition of thin layer of the coating material while the evaporated matrix 

material is pumped out [27]. The basic mechanism of the MAPLE process is depicted in 

figure 3.4. 

3.3.4 Matrix assisted pulsed laser evaporation-Direct write (MAPLE-DW) 

 

 

 

 

 

 

               

 

                     Figure 3.5: Schematic of the MAPLE-DW process [28] 

MAPLE-DW is a hybrid of MAPLE and LIFT; it utilizes the direct write capabilities of LIFT 

in combination with MAPLE for the microdeposition of a variety of materials. In MAPLE-

DW, a film consisting of a mixture of an organic binder and the material to be deposited is 

coated on a laser transparent substrate such as quartz. This coated disc is called the ribbon 

which is placed parallel to the acceptor substrate. 

  Similar to the LIFT process, a pulsed laser is focused on the coated film through the 

transparent substrate. When the laser beam strikes the matrix coating, a fraction of polymer 

decomposes into volatile byproducts which propel the powder to the acceptor substrate. The 

material to be transferred is not vaporized, because the laser threshold required to decompose 

the polymer are below the ablation threshold of the powders [24]. In order to deposit a thicker 

layer multiple passes are needed. It is also possible to transfer biomedical materials using 

MAPLE-DW using an aqueous-based support. LASER-DW finds large number of 
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applications e.g. conductive lines and coplanar resistors, multilayer capacitors and inductors 

and chemoresistor gas sensors [28]. A schematic representation of MAPLE-DW process is 

shown in figure 3.5. 

3.3.5 Dynamic Release Layer-Laser Induced Forward Transfer (DRL-LIFT) 

 

 

 

 

 

 

 

                                       Figure 3.6: Schematic of DRL-LIFT [29] 

DRL-LIFT is similar to traditional LIFT process but uses a sacrificial layer in between the 

transparent substrate and the donor film.  

In DRL-LIFT, a thin layer called the sacrificial layer is first deposited on a transparent 

substrate followed by the material to be transferred. When a laser pulse is incident on the 

transparent substrate the sacrificial layer is exposed to the laser resulting in vaporization. This 

confined vapor layer renders enough driving force to transfer the material from donor to 

receiver substrate. The basic mechanism of DRL-LIFT using triazene as a sacrificial layer is 

shown in figure 3.6. One of the main advantages of DRL-LIFT is that the transferred material 

does not receive a significant amount of energy and does not evaporate during transfer. Also 

materials with weak absorption and materials which are prone to damage when exposed to a 

laser pulse can be transferred using this method. However the DRL must be compatible with 

the donor material and there is a chance of contamination if the DRL is not vaporized 

completely during the process. 
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3.3.6 Hydrogen assisted LIFT (HA-LIFT) 

 

 

 

 

 

 

 

 

 

Figure 3.7: Schematic illustration of HA-LIFT:(a) Exposure of α-Si:H film through a 

transparent quartz support leads to melting; (b) hydrogen diffuses out of the silicon to the 

interface; (c) accumulated H2 exerts pressure leading to acceleration of film from target; (d) 

the ejected droplet deposits on the receptor substrate leading to deposition of poly-Si [30]. 

HA-LIFT was demonstrated by Toet et al. A hydrogenated amorphous Si (α-Si:H) 

was deposited on a transparent substrate and then it was irradiated with an excimer laser 

pulse. Upon irradiation with a nanosecond pulse the deposited α-Si:H film melts at the film 

interface resulting in release of hydrogen which gets confined by the not melted portion of 

the film and coalesce into a thin film pressure layer. The layer expands and accelerates the 

film off the substrate. The hydrogen layer is replenished via continuous release of hydrogen 

at the melt front and progresses towards the free surface of the film resulting in rapid 

propulsion of the liquid layer towards a receptor substrate [30]. Other materials can also be 

transferred using HA-LIFT by using similar hydrogen containing metastable alloys or α-Si:H 

can be used as a sacrificial layer in DRL-LIFT. In figure 3.7 step by step schematic 

representation of the HA-LIFT of α-Si:H is shown.  
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3.3.7 Laser Induced Thermal Imaging (LITI) 

 

 

 

 

 

 

                      Figure 3.8: Schematic of LITI process to pattern OLED [31]  

LITI is a thermally addressed laser forward transfer process mainly used for patterning 

of conducting polymers. It works on the same principle as DRL-LIFT except that the 

sacrificial/extra layer used is not ablated. In LITI, usually a metallic layer called light to heat 

conversion layer (LTHC) is coated on a transparent substrate and then the material to be 

transferred is coated on top of it. A laser beam is focused through the transparent substrate 

where light is absorbed by the LTHC layer and converted into heat; this heat decomposes 

surrounding organics into gaseous products. The expansion thus propels the top layer of the 

donor film onto receiver substrate [31]. A schematic of LITI process for Organic Light 

Emitting Device (OLED) layer patterning is shown in figure 3.8. 

3.4 Important LIFT accomplishments and Applications 

Ever since the development of LIFT by Bohandy et al. [21], it has come a long way and 

numerous studies can be found in literatures describing the simplicity and advantages of 

LIFT. It is known with several names as seen in the section 3.3 with a little changes in the 

process. Originally developed for microdeposition of metals with the intention to repair 

damaged photomasks,  LIFT has found applications in various fields such as depositing 

metals, semiconductors, oxides, dielectrics, polymers, inks, pastes, biomolecules, living cells 

etc. LIFT has been used extensively for the fabrication of electronics and sensors. Devices 

such as micro-capacitors, Li-ion micro-batteries, OLEDs have been fabricated using LIFT 

process [32]. Here at Holst Centre, Eindhoven extensive research have been going on LIFT of 

thin metallic copper film, Nano-ink and Nano-paste containing silver nanoparticles for 

writing interconnects [33] and making backplanes for flexible displays.  
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3.5 Conclusion 

The basic working principle of LIFT is described emphasizing on its potential application in 

micro-pattering technology. LIFT has the potential to generate high resolution pattern without 

degrading material quality. The simplicity and compatibility of LIFT lies in the fact that, it 

does not require the use of vacuum or cleanroom equipment and nearly all kinds of materials, 

inks and pastes can be transferred. At Holst Centre, research is carried out on LIFT of metals, 

inks and pastes to make conductive lines and interconnects for microelectronics and display 

applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

27 

 

4 Theory and Mathematics of Heat Transfer in LIFT 

4.1 Introduction: 

LIFT of metal is dominated by thermal processes; therefore laser ablation is critical to 

understand the physical mechanism of LIFT. The thermal ablation process gives reasonably 

precise description of transfer mechanism during LIFT. Based on laser pulse duration, the 

transfer mechanism during LIFT can be categorized into processes, such as photothermal, 

photochemical and photomechanical.  

This chapter describes the thermal transport in a metal film irradiated by a laser pulse. In 

section 4.2, the basic heat transport theory using Fourier’s law is described. Section 4.3 

presents the significance of laser pulse and choice of mathematical equation. In section 4.4, 

models available in literature for laser ablation is outlined 

4.2 Heat conduction equation 

In heat transfer, conduction is defined as the transfer of energy by diffusion and collision of 

particles due to temperature gradient. Thermal transport in a material can be basically 

described by Fourier’s Law of heat conduction [36]. It states that, “the heat transfer through a 

material is proportional to the negative temperature gradient”. Assuming that heat flows 

normal to the surface area, Eq. 4.1 denotes mathematically the heat conduction equation in 

differential form. 

 
  

  
   ∇  (4.1)  

where the coefficient   [W/m.K] is the thermal conductivity, Q [W/m2] is the total heat flux,  

  

  
  is rate of flow of heat and ∇ is the gradient operator.  

Laser irradiation deposits energy within a material resulting in heating and hence in a 

localized change in temperature. The quantity of energy deposited within the material can be 

termed as enthalpy, H. The temperature change, Δ , due to small change in enthalpy, ΔH, in a 

mass of material, m [kg], is given by Eq.4.2. 

 ΔH     Δ  (4.2)  
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The quantity    [J/kg.K] is the specific heat at constant pressure. This can be represented in 

terms of volume by introducing the density, ρ [kg/m3] of the material and expressed by Eq. 

4.3 below. 

 ΔH  ρ  Δ  (4.3)  

 

The negative sign in Eq. 4.1 indicates that heat flows from hot end to cold end against 

thermal gradient. Therefore, heat entering into the small volume element, ΔV, must either 

flow to the other side or change the enthalpy of the element. This can be represented 

mathematically with the help of divergence operator and since heat is a relative quantity, it is 

sufficient to take the dot product described by Eq. 4.4 below. 

 

 ∇  
  

  
  

 H 

  
 (4.4)  

 

Since the laser source, S(z, t) is used as an extra source of energy, propagating in z-direction 

normal to x-y plane as shown in figure 4.1, this also contributes to the change in enthalpy and 

Eq.4.4 changes to Eq.4.5. 

        ∇  
  

  
 

 H 

  
 (4.5)  

 

Using Eq. 4.1 and expanding left hand side of Eq. 4.4 we obtain Eq. 4.6, 

   ∇  
  

  
 ∇     ∇     ∇   ∇  ∇  (4.6)  

       

         

 

 

                      

                         Figure 4.1: Schematic of laser irradiation 

 

Using Eq. 4.3, 4.4, and 4.5 in Cartesian coordinates the heat diffusion equation in 

three dimensions can be given by Eq.4.7. For derivation, refer appendix 8.2. 
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ρ  
 (4.7)  

 

The source term in Eq.4.7 can be derived using laws of optics. Assuming that the incident 

intensity of the laser beam at time, t[s] is I0(0, t) [W/m2] and recalling from chapter 2, the 

exponential decay of the intensity into the surface can be written as, 

                              (4.8)  

 

Therefore the source term can be expressed by Eq. 4.9 below. 

                 (4.9)  

 

In general, the analytical and numerical models of heating a material using a laser 

beam as a heat source require solving Eq. 4.7, subject to the source term defined by Eq.4.9. 

Assuming that the laser beam is incident perpendicular to the target material (figure 4.1), the 

one dimensional solution of heat equation gives the temperature with respect to time and 

depth and expressed by Eq. 4.10. 

 
Δ                

τ

  ρ 
     

 

  
 τ
ρ 

 
(4.10)  

 

where ierfc is called the integral complementary error function (refer appendix 8.2) and τ is 

the laser irradiation time. From Eq. 4.10, it can observed that, if the thickness of the material 

(z) is larger than or comparable to the thermal penetration depth and the laser energy is high 

enough to melt the material then the rise in temperature is proportional to   . This is true for 

a large number of materials such as metals, semiconductors and dielectrics for a laser pulse 

length less than or equal to 10 ps, but for an ultrashort laser pulse such as a femtosecond 

pulse, the variation deviates due to different laser material interaction mechanisms such as 

multiphoton process or avalanche ionization breakdown [56].  By changing the laser pulse 

shape and pulse length, geometry of the target material, ambient conditions and considering 

both temperature independent as well as temperature dependent material properties such as 

heat capacity, thermal conductivity, density, reflectivity and absorption coefficient, the 
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temperature profile inside the material can be analyzed. Chapter 5 gives a detailed description 

about the modeling approach and the modeling parameters considered in this thesis work. 

4.3 Models for Laser-Induced temperature change 

As discussed in section 2.4, if the laser pulse duration is longer than the electron-

phonon thermal relaxation time, it is assumed that the electrons and the lattice are at the same 

temperature since the absorbed laser energy gets converted instantaneously into heat. 

Neglecting the convective and radiative losses and the microscopic photon-electron and 

electron-phonon interactions, the laser heating process can be modeled using one step heating 

process when the laser pulse length is in the order of nanosecond to few tens of picosecond. 

Mathematically it can be expressed by using Eq.4.7 and the final expression is given by 

Eq.4.11 below. 

      
  

  
 ∇     ∇          (4.11)  

 

 But when the laser-pulse duration is comparable to or less than the electron-phonon 

thermal relaxation time, the electron and phonon system processes are decoupled. This plays 

an important role in transfer of incident laser energy to the internal energy of the material. 

The electrons and the lattice are not in thermal equilibrium and should be treated as two 

different sub-systems. A two-step heating process pioneered by Anisimov et.al [37] is used to 

model such heating mechanism. It can be classified as, 

(i) absorption of laser (photon) energy by electrons, and 

(ii) heating of lattice through electron-phonon coupling. 

Mathematically it can be represented by Eq. 4.12 and 4.13 [13] respectively. 

 
       

   

  
 ∇     ∇               

 

(4.12)  

                            
   

  
          (4.13)  

 

where G is called electron-phonon coupling factor,    is electron and    is lattice temperature 

respectively. The above equation is widely known as parabolic two-temperature model. 
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In the case of a metal material, heat flux is carried mainly by the electrons; hence it is 

reasonable to neglect energy transport by phonons. If       (Fermi temperature, typically 

in the range of 10
4 

K), where    
  

  
 (   is Fermi energy and    is Boltzmann constant), then 

the electronic heat capacity is proportional to electron temperature, 

             (4.14)  

 

where   [J  3K2] is the electronic heat capacity constant. The value of G can be calculated 

using free electron theory [13] and it is given by Eq.4.15. 

   
       

 

 τ      
 (4.15)  

 

where τ    [   is electron mean free time between collisions at temperature,    [K],   [   , 

electron mass,   [ 
    , number density,  [      , speed of sound. Further development of 

the two temperature model was performed by J.K. Chen et al. [38] by considering the effect 

of electron drift resulting from high intensity and ultrafast laser heating. This model solves 

the transport equation using Boltzmann approximation.  

4.4 Modeling the LIFT process 

The physical mechanism of LIFT of metals is mainly explained by photothermal 

processes which causes melting of the metal layer and the propulsion of the molten liquid to 

target substrate due to vapor pressure created between the donor substrate and the molten film 

[39][40]. Veico et. al. explained the LIFT process using three different blasting mechanisms: 

(i) gasification of the donor substrate, (ii) thermo-desorption of the gases adsorbed at the 

support surface, and (iii) evaporation of the film material [41]. Several different one-

dimensional models are also available in literature which gives the underlying principle and 

measures the temperature profile in a metal layer [42] [43]. Recently Tobias et al. presented a 

physical model based on gasification process to explain LIFT of thin Nickel layers and 

calculated threshold energies and blow-off time [44].  

The transfer phenomena during LIFT process is dependent on various parameters 

such as donor layer thickness, laser fluence, donor material, pulse width, pulse shape, pulse 

diameter , distance between donor and receiver substrate and receiver substrate material and 

its surface conditions [42]. Many shadowgraphy experiments have been performed to study 
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triazene assisted LIFT experiments [45].  Fardel et al. investigated the behavior of triazene 

polymer using energy balance equation and analyzed the shock wave generation due to 

decomposition of the triazene polymer [46]. The group also found out that even though the 

shock wave plays a role in transfer process but still the thermal and mechanical processes 

predominate in LIFT. T.Mattle et al. conducted a time resolved imaging to study transfer of 

Aluminum thin film deposited on triaznene polymer as a sacrificial layer [47]. The group 

investigated the stability of the flier by varying laser fluence and time.  

Modeling LIFT of copper using a 355 nm Nd:YAG laser pulse of Gaussian profile 

and pulse duration in nanosecond and picosecond regime is the prime interest of this thesis 

work, therefore one step heating described by Eq.4.11 is implement. A thorough investigation 

is done to study the temperature profile inside the material and dependence of laser and 

material parameters. 

4.5 Conclusion 

The underlying physical mechanism in LIFT is mainly explained by photothermal processes 

which lead to melting of the donor film and the trapped vapor exerts pressure on the molten 

film to forward transfer the material which reaches the target substrate either in solid of 

molten state. 

Since LIFT of metals is dominated by thermal process, it is very critical to understand 

the ablation mechanisms of metallic films using laser pulses of varying pulse widths and 

shapes. It is good approximation to solve the conventional heat equation during nanosecond 

to few tens of picosecond pulse irradiation as it is assumed that the energy gets converted to 

heat instantaneously. But when laser pulse in femtosecond regime is used, electron-phonon 

coupling factor plays an important role in heat transfer and two step heating process should 

be used.  
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5 Modeling and Simulation 

5.1 Introduction 

Computer simulations are powerful tools to provide essential information about 

physical mechanisms taking place in a material irradiated with ultrashort, high intensity laser 

pulses. Not only it gives a reasonable explanation of the processes but also saves time and 

resources. 

In this chapter, a two-dimensional model is described using COMSOL Multiphysics to 

investigate the heat transport and resulting temperature change in a pure copper material. The 

metallic copper is used as donor layer in a Laser Induced Forward Transfer experiment. 

Starting with a brief introduction about COMSOL Multiphysics, the relevant equations and 

modeling approach is described. Section 5.3 and section 5.4 outlines the simulated results and 

comparisons with experimental data. Finally a brief summary concludes this chapter. 

5.2 Modeling using COMSOL Multiphysics 

COMSOL Multiphysics is a powerful modeling and simulation software package based 

on the Finite Element Analysis (FEA). The software package has over 26 different modules 

to provide software solutions of multiphysics problems. These modules can be easily coupled 

and applied to solve numerous engineering and physics based problems. Other than the 

designed modules, it also offers partial differential equation (PDE) based modeling which can 

be entered directly or in a weak form. The software provides a powerful integrated desktop 

environment with a built in model builder where one can easily access all the functionality 

and get an overview of the model. Using the flexible graphical user interface (GUI) of 

COMSOL, it is possible to work on various physics interfaces and perform stationary and 

transient studies, linear and non-linear studies, eigen frequency, and modal and frequency 

response studies. It is also possible to write a script in Matlab and use the standalone GUI of 

COMSOL through LiveLink for Matlab. COMSOL Multiphysics uses finite element method 

(FEM) to solve the equations. Using the built-in physics interfaces, it is possible to specify 

material and physical properties and define parameters. More information about the software 

and the FEM analysis used by it can be obtained from COMSOL reference guide which 

comes along with the software [48]. 
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In this thesis work Heat Transfer Module is used and hence more attention is given to 

that particular module. The Heat Transfer Module provides support to all fundamental types 

of heat transfer which includes conductive, convective and radiative heat transfer including 

both surface-to-surface and surface-to-ambient radiation. Figure 5.1 shows various interfaces 

included in heat transfer module, the module describes the heat transfer mechanism and also 

include predefined heat transfer equations. All the heat transfer interfaces are available in 1D, 

2D, 2D axisymmetric and 3D for both stationary and transient analysis.  

 

 

 

 

 

 

 

 

 

                      Figure 5.1: Heat Transfer Module interface [48] 

A two-dimensional, transient analysis model using Heat Transfer in Solids (ht) 

interface of this module is utilized in this thesis work. The ht module describes heat transfer 

by conduction and the relevant equation is pre-defined in the module. It is also possible to 

account for heat flux due to translation in solids. 

5.3 Model 

The model is based on the calculation of heating a rectangular thin metallic film with a laser 

beam of nanosecond and picosecond pulse duration and analyzing the accompanying 

temperature change in the material. The parameters considered in the modeling include donor 

film thickness, laser fluence, pulse duration, thermo-physical and optical properties of 

material. 
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5.3.1 Mathematical Equation 

The mechanisms of heat transfer using a laser source of pulse duration varying from 

nanosecond to femtosecond range were described in chapter 2. As mentioned in section 2.4, 

in case of nanosecond pulses it is a good approximation to use a one-step heating process as 

the electron-phonon thermal relaxation is much shorter compared to the laser pulse length 

and it gets sufficient time to establish local thermal equilibrium with the lattice. It is assumed 

that the incident energy is converted into heat instantaneously. From the analytical 

discussions in section 4.2 and 4.3 and as pointed out in [13], the heat transfer using a 

nanosecond to tens of picosecond pulse duration laser source can be modeled by Eq.5.1. 

 ρ 
  

  
 ∇     ∇            (5.1)  

 

where         [W/m
3
] is the laser energy density applied to the material, it is a function of 

laser intensity and Lambert-Beer law and mathematically expressed by Eq. 5.2 below. 

                                    (5.2)  

 

Here       [W/m
2
] is the laser intensity term in temporal and spatial domain. A 

Gaussian laser pulse in temporal and spatial domain is used and hence it can written in 

mathematical form as described in [36] and given by Eq.5.3 below. 

                 
  

         
      τ  

τ   (5.3)  

 

The incident laser intensity I0 [W/m
2
] can be expressed by Eq.5.4. 

    
 

τ   
 (5.4)  

 

The optical properties of the material (  and R) are function of wavelength, and are 

calculated for the wavelengths of the laser pulse used in the model, refer appendix 8.3 for 

calculation procedure. These parameters can also be a function of temperature and 

wavelength (section 2.3). The values of reflectivity, absorption coefficient and optical 

penetration depth at different wavelengths are summarized in table 5.1. Also the thermo-

physical properties like thermal conductivity, heat capacity and material density can behave 

differently at elevated temperatures and it is discussed in section 5.3.3. 
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5.3.2 Model Geometry and Visualization 

The geometry used in this model is a two-dimensional rectangular material of length 100 μm 

and width varying from 100 nm to 3 μm. The donor substrate is modeled in one case because 

even though it is transparent to the wavelength of the laser beam used in this model, still it 

has a thermal conductivity and heat capacity and hence there will be some amount of heat 

loss into it. A visual representation of the model with and without substrate is shown in 

Figure 5.2.  

                                       

                                 Figure 5.2: Visualization of model geometry 

5.3.3 Material Properties  

The material properties used in this modeling work include absorption coefficient, 

reflectivity, heat capacity, thermal conductivity and density. It can be categorized into optical 

and thermo-physical properties.  

(i) Optical Properties: 

Absorption Coefficient (α): As mentioned in section 2.3, absorption coefficient,   is a 

function of wavelength,   [8], and mathematically it is given by Eq.5.5. 

   
   

 
 (5.5)  

 

where   is the extinction coefficient. At λ=355 nm,  = 1.93. On substituting the values in 

Eq.5.5, the absorption coefficient of copper at  =355 nm can be obtained as 6.8*10
7
 m

-1
.  The 

absorption coefficient, reflectivity and optical penetration depth of copper at 355 nm, 532 nm 

and 1064 nm wavelength at room temperature is summarized in table 5.1 and the calculation 

method is presented in detail in appendix 8.3. The absorption coefficient can also vary with 

respect to target temperature, L. Li et al. [9] derived a formula for absorption coefficient as a 
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function of temperature at a fixed wavelength and temperature coefficient of resistance. It is 

expressed in mathematical form by Eq.5.6. 

       
    

    [          
 (5.6)  

where T[K] represents temperature at a given position and time, σ0 [Ω
-1

m
-1

], target 

conductance,  0 [Fm
-1

], permittivity of free space,  [m], laser wavelength, c[ms
-1

], laser 

propagation velocity in vacuum,  [K
-1

], target  temperature coefficient of resistance, T0[K], 

initial temperature. The value of constants is taken from [9] and a plot of absorption 

coefficient vs. temperature is made for copper. It can be observed from figure 5.3, the 

absorption coefficient decreases at elevated temperature. 

 

                          Figure 5.3: Absorption coefficient as a function of temperature 

Reflectivity (R):  As pointed out in section 2.3, reflectivity of a material is a function of 

wavelength and temperature. For a fixed wavelength, R can be calculated by Eq.5.7. 

   
         

         
 (5.7)  

where n and   are refractive index and extinction coefficient of a material. At  =355 nm, 

n=1.34 and  =1.93, therefore R=0.42036. A detail discussion about reflectivity calculation is 
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presented in appendix 8.3. Reflectivity is also dependent on temperature, it decreases with 

increasing temperature and the difference is visible for longer wavelength, but for 355 nm 

wavelength, the change is reflectivity is almost negligible [50] and hence a constant value is 

used in the simulations. 

Wavelength(nm) Absorption Coefficient[1/m] Optical penetration depth[nm] Reflectivity 

355 6,8E+07 14,6 0,42 

532 6,1E+07 16.4 0,61 

1064 8,1E+07 12.3 0,97 

  

Table 5.1: Optical properties of the material at different wavelengths 

(ii) Thermo-physical Properties: 

Heat Capacity (Cp): The heat capacity of copper at constant temperature is taken from [39] 

as 385 [J/kg*K]. The dependence of heat capacity electron temperature was studies by Lin et 

al. [51] for a large number of materials. An expression for temperature dependent heat 

capacity for bulk copper is taken from [50], the constant values denote the polynomial curve 

fit data and it can be given by Eq.5.8. 

                                                 (5.8)  

A plot of       vs. T is shown in figure 5.4, it can be observed that    increases linearly until 

it reaches melting point but once the material melts, the increase is exponential. 

Thermal Conductivity [k]: The thermal conductivity of copper at fixed temperature is 388 

[W/m*K] [39].The thermal conductivity of a material changes with change in target 

temperature and for copper; the temperature dependent k for bulk copper is taken from [50], 

the constant values denote data for polynomial curve fit, and given by Eq.5.9. 

  [                                          (5.9)  

A plot of temperature vs. thermal conductivity is shown in figure 5.5, it can be observed from 

the graph that, with increase in temperature thermal conductivity decreases which can be 

ascribed to the scattering effects with increasing temperature. The thermal conductivity can 

also be defined as a function of film thickness, in [52] the thermal conductivity of thin copper 

films has been measured for a temperature range of 100-500 K, it was observed that the 
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thermal conductivity decreases with decreasing thickness which can be due to scattering of 

electrons from thin film surface or and due to impurity scattering. 

  

Figure 5.4: Heat capacity as a function of temperature for bulk copper. 

 

                   Figure 5.5: Thermal conductivity as a function of temperature for bulk copper. 

Table 5.2 summarizes the material properties used in the modeling and simulation work. 
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Properties Symbols Units Constants 

Density Ρ kgm
-3

 8940 [39] 

Heat Capacity Cp J/kg*K 385[39],Eq.(5.8) 

Thermal Conductivity K W/m*K 388[39],Eq.(5.9) 

Reflectivity (at λ=355 nm) R -- 0.42036 

Absorption Coefficient (at λ=355 nm) Α [1/m] 6.7681*10
7
, Eq.(5.6) 

Melting temperature Tm K 1357 [6] 

Boiling Temperature Tb K 2835[6] 

 

       Table 5.2: Material Properties of Copper 

5.4 COMSOL Realization  

Heat transfer module of COMSOL Multiphysics is utilized to solve the partial differential 

equation of conductive heat transfer described by Eq.5.1. The space dimension used is 2D 

and transient analysis is done to study heat transport and resulting temperature change in the 

donor layer. A detailed description of step by step implementation is given in appendix 8.4.  

 

Figure 5.6: (a) Time distribution of incident heat flux with a pulse width of 25 ns (FWHM) 

and (b) Gaussian pulse in space domain with a beam diameter of 17.5 μm (FWHM). 

The material properties and laser parameters can be controlled in this model to study 

maximum heat stored and peak temperature achieved on laser irradiation. The laser pulse has 
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a Gaussian shape in both time and space (along x-axis) domain. The pulse diameter is defined 

as the half-width at 1/e2 of the laser intensity, known as full width at half maximum 

(FWHM). The pulse diameter is takes as 17.50 μm and the pulse width in time domain is 

varied from 25 ns to 10 ps. Figure 5.6a and 5.6b shows the Gaussian pulse of the incident 

laser intensity in temporal and spatial domain respectively. 

The stationary heat source term, defined by Eq.5.2 is generated by absorption of laser energy 

with a Gaussian beam along x-axis and according to Lambert-Beer law, exp (- *  , where y 

is the direction of absorption.  

5.4.1 Assumptions  

(i) The optical penetration depth, δ[m] is defined as    , and for copper at  =355 nm, it 

is approximately 15nm. The other values of δ for different wavelengths are 

summarized in table 5.1, the pulse diameter is 17.5 μm, thus the laser spot size is 

much larger than δ and hence it is assumed that the heat flow is one dimensional. 

(ii) The thermal penetration depth, δtherm of a material can be defined as δ      

    τ     ρ  [53], on substitution of the values for copper from table 5.3, we get, 

δtherm=3.4 μm. This is the approximate distance at which a considerable temperature 

rise can be observed while using a laser pulse of 25 ns and the beam diameter is larger 

compared to this value, hence the laser power beam density is constant over the spot. 

Table 5.3 summarizes the value of thermal penetration depth for different nanosecond 

and picosecond laser pulse at a wavelength of 355 nm. 

(iii) The radiation loss from the heated surface is calculated using Stefan-Boltzmann 

relation given as  σ  , where E [W/m
2
], emissive power, σ= 5.67*10

-8
 Js

-2
m

-2
K

-4
, 

Stefan-Boltzmann constant and T is target temperature respectively [54]. Hence at 

T=2500 K, the radiation loss is in the order of 10
2
 W/cm

2
. Therefore the radiation loss 

is very less compared to the incident laser intensity (order of 10
7
 W/cm

2
). Hence, the 

radiation loss is neglected in the model; convective losses are also neglected on the 

basis of similar calculation. 

(iv) The existence of liquid phase is not taken into consideration for simplicity of 

calculation. 
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Pulse duration, τ Thermal penetration depth, δ_therm 

10 ns 2.12 µm 

15 ns 2.6 µm 

20 ns 3.0 µm 

10 ps 68 nm 

 

Table 5.3: Thermal penetration depth into pure copper calculated at 355nm wavelength. 

5.5 Surface and Volume heating 

5.5.1 Volume heating 

A rectangular copper material of length 100 μm and thickness 200 nm is considered, it is 

irradiated with a stationary laser source with τFWHM=25 ns, r=8.75 μm and  =355 nm. The 

material parameters are considered as temperature independent, as listed in table 5.2. Eq.5.1 

is used to solve the heat conduction and to study the associated temperature change while 

Eq.5.2 is used a volumetric heat source term. A general schematic of the model is represented 

in figure 5.7. 

 

                                                 

                                         Figure 5.7: Model schematic 

a) Boundary and Initial conditions 

(i) The initial temperature of the target system is assumed to be at T0 = 293 K.  

(ii) Neglecting convective losses, the heat flux across irradiated surface should be equal 

to thermal radiation loss which is termed as surface-to-ambient radiation in COMSOL 

Multiphysics. But as pointed out in section 5.4.1, the radiation loss is negligible 

compared to incident irradiance and hence it is neglected. 

(iii) At surface 1, 2, 3 and 4, adiabatic condition i.e. n.(k∇T) = 0 is applied. 
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b) Meshing 

COMSOL Multiphysics provides various meshing options such as free triangular, free 

quadrilateral, mapped mesh etc. Mapped mesh is used in this model of mesh size 10nm along 

thickness and 15 nm along length. 

c) Time dependent analysis 

A transient analysis is done with time scale varying from 0 ns to 70 ns with time steps of 0.5 

ns. 

5.5.2 Surface heating 

This is an alternative approach to formulate laser heating. In this method, the heat is 

generated at the surface. The laser intensity is applied as boundary condition at the irradiated 

surface and Eq.5.1 gets modified as Eq. 5.10 below. 

 ρ 
  

  
 ∇     ∇   (5.10)  

 

And the boundary condition at the irradiated surface is given by, 

 n. (k∇T) = (1-R)*I(x, t) (5.11)  

All the other laser as well as material parameters remains same. 

5.6 Comparison: Volume heating vs. Surface heating 

In order to compare the difference of volumetric and surface heating, the copper 

donor layer is irradiated with laser fluence, 300 mJ/cm
2
. The material properties used are 

temperature independent and taken from table 5.2. A plot is made to observe peak surface 

temperature using these two different cases. Figure 5.8 displays the temperature change 

produced by irradiating a laser beam of pulse width 25 ns (FWHM) and  =355 nm with 

maximum irradiance power of 1.2*10
11 

W/cm
2
. The temperature is plotted at the center of the 

laser beam; the laser beam diameter is 17.5 μm and volume as well as surface heating model 

is used for comparison. It is observed that the numerical results of the two models for a 

nanosecond pulse are more or less same and a very nominal difference is observed at a longer 

diffusion time.  
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Figure 5.8: Peak surface temperature produced by a 25 ns (FWHM) Gaussian laser pulse of 

wavelength 355 nm irradiated on a 200 nm thick copper layer. The laser fluence is 300 

mJ/cm
2
 and the beam diameter is 17.5 μm. The plotted temperature is at the center of the 

beam for x=0. Both volume and surface generation model is used for comparison.  

A plot of peak temperature induced by a picosecond laser pulse is made in figure 5.9 

with maximum irradiance power of 1.2*10
14

 W/cm
2
. It should be noted that, even though 

both the models give approximately same maximum surface temperature for a nanosecond 

laser pulse, the difference becomes notably visible when a picosecond laser pulse is used 

under same physical conditions. The reason for this difference can be attributed to the change 

in the thermal penetration depth when a shorter pulse length is used. From table 5.3, it can be 

noted that, the thermal penetration depth changes from few micrometers to few nanometers 

when the laser pulse duration is changed from nanosecond to picosecond and hence it 

becomes comparable to the optical penetration depth of the material. Also a large amount of 

energy is deposited into a small volume of the material which results in a very high 

temperature in case of a picosecond pulse length. Therefore, it is more accurate to use a 

volume heat generation model since it also takes in account the absorption coefficient of the 

material, which is a function of wavelength and hence varies with wavelength of the laser 

source. The rest of the simulations are done using volume generation model until unless 

specified. 
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Figure 5.9: Peak surface temperature produced by a 25 ps (FWHM) Gaussian laser pulse of 

wavelength 355 nm irradiated on a 200 nm thick copper layer. The laser fluence is 300 

mJ/cm
2
 and beam diameter is 17.5 μm. The plotted temperature is at the center of the beam 

for x=0. Both volume and surface generation model is used for comparison.  

5.7 Numerical results and discussion of volume heating 

The model calculates the laser heating as well as accompanying melting of a 200 nm thick 

copper donor layer. A series of investigations have been done by varying the donor layer 

thickness, pulse energies and pulse width. In order to study the influence of material property 

on temperature change, temperature dependent material properties are also considered. 

      In order to understand the transfer process using a nanosecond and a picosecond laser 

pulse, surface temperature as well as thermal contours plot is analyzed to study the heat 

diffusion mechanism. Figures 5.10(a) and 5.10(b) display the temperature distribution in a 

200 nm thick copper donor layer irradiated with a fluence of 583 mJ/cm
2
 at 15 ns (FWHM) 

pulse length and 293 mJ/cm
2
 at 10ps (FWHM) pulse length respectively. The wavelength 

considered is 355 nm. 

300 

2100 

3900 

5700 

7500 

9300 

0 20 40 60 

T
em

p
er

a
tu

re
 [

K
] 

Time [picosecond] 

picosecond pulse 

Volumetric heating 

Surface heating 



 

46 

 

 

Figure 5.10: Heat distribution along a 200 nm thick copper layer at a wavelength of 355 nm, 

(a) 583 mJ/cm2 at 15 ns pulse duration and the diffusion time is 15 ns, (b) 293 mJ/cm2 at 10 

ps pulse duration and the diffusion time is 10 ps. The color legend represents temperature. 

The Gaussian beam used has a beam diameter of 17.5 μm.  

 

 

Figure 5.11: Thermal contour plots of a 200 nm thick copper layer with a laser irradiance of 

583 mJ/cm
2 

at 15 ns pulse duration (b) 293 mJ/cm2 at 10 ps pulse duration. The color legend 

represents temperature and the Gaussian laser beam has a diameter of 17.5 μm. 

a b 

a b 
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From figure 5.10(a), 5.10(b), 5.11(a) and 5.11(b), it is observed that heat diffuses to a longer 

extent for a nanosecond pulse compared to a picosecond pulse and again the reason could be 

due to the longer thermal penetration depth of a nanosecond pulse compared to a picosecond 

pulse.  

5.7.1 Study of laser fluence dependence  

The influence of laser fluence on a fixed donor layer thickness is studied by 

simulating a 200 nm thick copper layer irradiated with a laser source of pulse length 25 ns 

(FWHM), beam diameter 17.5 µm. The laser energy density is increased from 300 mJ/cm
2
 to 

1200 mJ/cm
2
 respectively. A plot of the peak surface temperature for different fluence is 

made in figure 5.12. 

 

Figure 5.12: Peak surface temperature produced by a 25 ns Gaussian laser pulse of 

wavelength 355 nm irradiated on a 200 nm thin copper layer. The laser fluence is varied from 

300 mJ/cm
2
 to 1200 mJ/cm

2
. 

It is observed that, the rate of temperature rise increases with increasing the fluence. A 

fluence of 300 mJ/cm
2
 is not sufficient to melt a 200 nm thick copper layer when the peak 

intensity of the laser beam is achieved at 25 ns, while the material reaches its boiling point 

when a fluence of 576 mJ/cm
2
 is used. At higher fluence the material experiences 

superheating and vaporization. A plot of peak surface temperature against laser fluence is 
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made in figure 5.13 and it can be seen that the temperature increases linearly with increasing 

fluence. 

 

Figure 5.13: Peak surface temperature vs. laser fluence for a 200 nm thick copper layer and 

pulse duration of 25 ns (FWHM, the temperature is noted at 25 ns diffusion time. 

From the experimental results also it is seen that, very high laser fluence does not 

result in a droplet at the receiver substrate. The increase in laser fluence causes vaporization 

and hence instead of a droplet, a splash is observed. The experimental module is described in 

appendix 8.5. Figure 5.14 shows the experimental results of a 200 nm thick copper layer 

deposited on a glass substrate, it  is irradiated with an Nd:YAG laser beam operating at 355 

nm with a pulse duration of 15 ns (FWHM) and a laser fluence of 583 mJ/cm
2
 and 1139 

mJ/cm
2
 respectively.  

 

 

 

 

 

 

Figure 5.14: LIFT of 200 nm thick metallic copper using an Nd:YAG laser source of 

Gaussian profile beam operating at 355 nm wavelength and pulse duration of 15 ns with a 

fluence of (a) 583 mJ/cm
2
 and (b) 1139 mJ/cm

2
 respectively. 
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Comparing the plot in figure 5.12 with the experimental results in figure 5.14 (a) and 

(b), it can be seen that at a fluence of 583 mJ/cm
2
 and 15 ns (FWHM), the material is in 

molten regime and hence it results in droplets whereas at a high fluence (1139 mJ/cm
2
) it 

vaporizes resulting in a splash. It can also be concluded from this result that, during a 

nanosecond pulse width the transfer takes place due to complete melting of the donor layer. 

5.7.2 Study of laser pulse length dependence 

 

Figure 5.15: Temperature profile along 200 nm thick copper layer using constant laser 

energy density of 300 mJ/cm
2
 and pulse length 10 ns and 10 ps, the temperature is recorded at 

10 ns and 10 ps diffusion time respectively. 

Figure 5.15 presents the temperature profile within a 200 nm thick copper layer for a 

pulse duration of 10 ns and 10 ps (FWHM) respectively using a fixed pulse energy density of 

300 mJ/cm
2
. It can be noted that changing the pulse length from 10 ns to 10 ps results in 

different methods of heat transfer and diffusion process. From table 5.3 it can be observed 

that a laser beam of 10 ps pulse duration has a thermal penetration depth of approximately 68 

nm while it changes to 2.2 µm for a 10 ns pulse, this result in a longer diffusion length in case 

of a nanosecond pulse and hence the material gets heated to a longer extent resulting in 

melting of a larger volume compared to a picosecond pulse. Therefore the transfer 

mechanism during LIFT is associated with the laser pulse length to a great extent. It is also 

evident from the experimental data shown in figure 5.16 that a picosecond laser pulse 
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operating at the same wavelength requires lower fluence and for a thinner donor layer results 

in a better transferred droplet compared to a nanosecond pulse width. 

 

Figure 5.16: LIFT of a 200 nm thick copper layer using an Nd:YAG laser beam of Gaussian 

profile operating at 355 nm wavelength and laser pulse duration of 10 ps with a fluence of 

293 mJ/cm
2
. 

 

Figure 5.17: Temperature profile of a 200 nm thick copper layer for varying pulse length, 

irradiated with a constant pulse laser energy density of 300 mJ/cm
2
. 
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In Figure 5.17, the temperature distribution along the thickness of 200 nm thick copper layer 

is presented for a fixed laser energy density of 300 mJ/cm
2
. The pulse length is varied from 2 

ns to 25 ns to analyze the variation in heat diffusion and resulting temperature profile. It is 

observed that, a short pulse length results in fast heating and hence high temperature is 

observed at the top surface compared to the bottom surface of the copper layer. But for a 

longer pulse length the temperature along the thickness of the material does not change much 

which can be due to the longer diffusion length for a longer pulse duration. 

      In order to study the heat loss in the donor substrate, a model is made considering a 500 

nm thick glass substrate and a 200 nm thick donor layer. The simulated temperature along the 

glass substrate as well as the donor layer is shown in figure 5.18 for pulse length varying 

from 2 ns to 20 ns (FWHM) at a fixed laser fluence of 583 mJ/cm
2
.  

 

 

Figure 5.18: Simulated temperature profiles of a 200 nm thick donor layer deposited on a 

200 nm thick glass substrate. The pulse duration is varied from 2 ns to 20 ns and the laser 

irradiance is 583 mJ/cm
2
. 

It is seen from figure 5.18 that for a shorter pulse the temperature at the interface is 

very high (boiling temperature of copper) while for longer pulses the temperature decreases 
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due to longer diffusion length. The important point to be noted is heat loss in the glass 

substrate. The heat loss is quite significant for a longer laser pulse.  

5.7.3 Study of donor layer thickness dependence 

Figure 5.19 displays the temperature change produced by a 25 ns (FWHM) Gaussian laser 

pulse with constant pulse energy density of 300 mJ/cm
2
. The thickness of the metallic copper 

is varied from 100 nm to 500 nm. The thermo-physical material property is considered as 

temperature dependent. 

       It can be observed from Figure 5.19 that, the peak surface temperature reduces with 

increasing donor layer thickness at constant laser fluence of 300 mJ/cm
2
. It can be observed 

that a 100 nm thick copper layer reaches its melting temperature at the peak intensity at 25 

ns(FWHM). It can be concluded that, a large amount of energy is needed to melt a thicker 

donor layer which results in melting of a larger volume of material.  

 

Figure 5.19: Peak surface temperature change produced by a 25 ns (FWHM) Gaussian laser 

pulse of wavelength 355 nm irradiated on a metallic copper layer of thicknesses varying from 

100 nm to 500 nm. The laser energy density is 300 mJ/cm
2
 and the temperature is plotted at 

the beam center for x=0, y=0, the temperature is noted at 25 ns diffusion time. 

Figure 5.20 shows the temperature profiles across copper layer thicknesses at a laser 

fluence of 300 mJ/cm
2
. The laser pulse length is 25 ns (FWHM) at 355 nm wavelength. The 
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material parameters considered are temperature dependent. It can be seen that, using a copper 

layer of thickness 100 nm, the full volume of copper layer melts and the temperature gradient 

is approximately 11 x 10
7
 K/m. A thicker layer allows more diffusion of heat and the 

temperature gradient changes approximately to 93 x 10
6
 K/m. A thinner layer reaches the 

boiling point faster at the same fluence and the temperature difference along the thickness is 

noticeable in a thicker layer which is also evidenced from figure 5.21. It can also be observed 

that, to transfer a thicker layer more energy is required and also a larger molten pool is 

available.  

 

Figure 5.20: Temperature profiles along copper thicknesses of length varying from 100 nm-

600 nm at a pulse length of 25 ns and laser energy density of 300 mJ/cm
2
, the temperature is 

recorded at 25 ns diffusion time. 

From the above discussion, it is known that, the peak surface temperature is dependent on a 

number of parameters like laser fluence, donor thickness and pulse width, but there should be 

a limit to increasing the donor thickness provided the maximum laser power is utilized. To 

study this, a fluence of 1 J/cm
2
 is considered for both nanosecond and picosecond system and 

the donor layer is increased from 200 nm to 3 µm in case of a nanosecond pulse width and 
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from 100 nm to 600 nm in case of a picosecond pulse. A plot of peak temperature at 15 ns 

(FWHM) and 10 ps (FWHM) is shown in figure 5.22 and figure 5.23 respectively.  

 

Figure 5.21: Simulated temperature profiles on top and bottom surface of varying copper 

layer thicknesses. The laser pulse is a Gaussian beam of pulse length 25 ns (FWHM) and a 

constant laser fluence of 300 mJ/cm
2
. 

 

Figure 5.22: Peak surface temperature at a fixed fluence of 1 J/cm
2
 at 15 ns (FWHM) and a 

laser beam diameter of 17.5 µm. The donor thickness is varied from 200 nm to 3 µm. 
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Figure 5.23: Peak surface temperature at a fixed fluence of 1 J/cm
2
 at 10 ps (FWHM) and a 

laser beam diameter of 17.5 µm. The donor thickness is varied from 100 nm to 600 nm and 

the temperature is noted at 10 ps diffusion time. 

From figure 5.22 and figure 5.23, it can be concluded that for a particular pulse width there is 

a limit to which the donor layer thickness can be increased and definitely this is related to the 

thermal penetration depth. It can be observed that with a picosecond pulse, it is possible to 

melt a thicker volume of the material in the range of few microns where the picosecond 

system is limited to few 100s of nanometer. This is also observed from experimental data, as 

seen in table 5.4, a nanosecond system shows no sign of droplet for a 50 nm and 100 nm 

thick donor layer while a picosecond system results in a droplet for a 100 nm thick donor 

layer as shown in table 5.5 [59]. Copper is used as a donor material.  
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Table 5.4: Experiments on Nd:YAG laser system operating at 355nm wavelength, 25ns 

(FWHM) with a laser spot diameter of 17.5µm. The droplet sizes are measure using optical 

microscopy [59]. 

 

Table 5.5: Experiments on Nd:YAG laser system operating at 355 nm wavelength, 10 ps 

(FWHM) with a laser spot diameter of 17.5 µm. The droplet sizes are measure using optical 

microscopy [59]. 

It is also important to note that with increasing thickness, in case of both nanosecond and 

picosecond systems, the droplet size increases due to the availability of a larger melt pool. 

One important observation can be made from table 5.5, using a picosecond pulse it is possible 

to get a transfer for 50 nm and 100 nm thick donor material while a nanosecond systems 

results in no transfer. But looking at the donor thickness limiting case of the two systems, 

from the simulated as well as experimental results it can be noted that a picosecond system 

can melt a few 100s thick donor layer while a nanosecond system is capable of melting a 

donor layer of few microns thickness. 

Finally simulations are done to investigate the difference in heating mechanism when 

the wavelength of the laser beam is changed. Three different wavelengths of 355 nm, 532 nm 

and 1064 nm are used and the laser pulse is a Gaussian shape of pulse duration 25 ns 

(FWHM) and a laser energy density of 600 mJ/cm
2
. The donor layer is a 200 nm thick copper 

layer and the temperature independent parameters are used with the constant values from 

table 5.2 and 5.3 respectively. A plot of peak surface temperature vs. diffusion time is shown 

in figure 5.26. It can be noted that, for a longer wavelength the photons are less energetic 

(  
  

 
) and hence a very high intensity or a longer pulse such as a microsecond pulse is 

required to reach melting point of the material. 
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Figure 5.24: Simulated temperature profile of a 200 nm thick copper layer with varying 

wavelengths of 355 nm, 532 nm and 1064 nm respectively. The laser pulse is a Gaussian 

beam of pulse duration 25 ns (FWHM) and a constant laser energy density of 600 mJ/cm
2
. 

5.8 Conclusion 

From the above discussions we can conclude that, even though modeling the LIFT process is 

quite complicated, it is possible to get essential information about the heat transfer and 

temperature distribution mechanism into the donor material. A good knowledge about these 

processes will help to optimize the LIFT process toward specific applications. It is observed 

that when a nanosecond laser pulse is used, the transfer is a complete thermal process and the 

pulse energy gets converted into heat instantaneously. Increasing the laser energy density 

causes linear increase in the peak temperature of the material which results in melting and 

boiling. Also, a thicker donor layer needs more energy to melt and produces a large melt pool 

compared to thin donor layer. While using a picosecond laser pulse, it is noted that not only 

thermal but other physical processes such as photochemical process plays important role. 

It was also observed that a shorter pulse length results in fast heating and high 

temperature at the donor layer and donor substrate interface. Also, a 10 ns pulse results in a 

thermal diffusion length of approximately 2.12 µm while it reduces to 68 nm for a 10 ps 

pulse, so we can conclude that using a nanosecond pulse, it is possible to melt a thicker layer 

compared to picosecond pulse. It was also outlined that a thicker layer allows more heat 

diffusion and the temperature across it is visible compared to a very thin layer.  
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6 Conclusions and Future Recommendations  

6.1 Conclusions 

The main aim of this thesis was to investigate during a LIFT process, the heat diffusion and 

resulting temperature profile when a thin metallic copper layer is irradiated with a 

nanosecond/picosecond laser pulse of Gaussian profile with constant energy density. To this 

purpose, first it is important to understand the laser material interaction with different pulse 

lengths and the dependence of optical properties of material on wavelength and temperature. 

Secondly, a good understanding of the working principle LIFT is required to evaluate the 

obtained simulated results. It is observed from experiments and various journal publications 

that LIFT is dominated by thermal processes and hence a thermal model is developed to 

understand the heat transport and temperature change in a metallic donor layer.   

It is observed that the peak surface temperature increases with increasing the laser 

energy density and decreases with increasing the donor layer thickness. The pulse length 

dependence on the resulting peak surface temperature is studied for a 10 ns and a 10 ps 

(FWHM) laser pulse lengths and it is observed that a shorter pulse length results in faster 

heating which ultimately results in a high temperature at the donor layer-substrate interface. 

Longer pulse duration results in longer diffusion length and is capable of melting a thicker 

volume of the donor material. A nanosecond pulse can melt a donor layer of few microns 

thickness while the picosecond pulse is limited by its shorter thermal penetration depth. The 

laser energy density requirement increases exponentially with increase in donor layer 

thickness and hence a large amount of energy needs to be deposited to melt a thicker volume 

of material. Also, there is some amount of heat loss observed in the donor substrate. The 

longer wavelength requires more energy to melt a material of same thickness and under 

similar conditions due to the less energetic photons. At longer wavelengths the reflectivity of 

copper increases (approximately R=1 at λ=1064 nm ) and hence a large amount of energy 

should be deposited so that once the material reaches melting point reflectivity falls and 

absorption increases. 

The outcome of this work concludes that, nanosecond and picosecond system has 

both advantages and disadvantages and using these systems solely depends on the type of 

applications. A nanosecond system is a favorable tool to melt not only a donor material of 

200 nm but also a thicker donor material (few micron) which results in a larger melt pool 
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while a picosecond system is preferable tool for a comparatively thinner donor material (few 

100s of nanometer) due to its smaller thermal penetration depth. As seen from the 

experimental results also, a picosecond system produces droplets using a thin copper layer 

compared to a nanosecond system. Using a larger wavelength laser source requires a shorter 

pulse with a higher energy density. 

One of the limitations of this model is, even though it takes into account the 

temperature dependent thermophysical properties it is only valid to the vaporization point of 

the material. At a very high intensity the material gets superheated and may result in phase 

explosion. This results in change in both the thermophysical and the optical properties of the 

material. The model can easily be extended to a three-dimensional model with a more 

powerful system configuration. Also it can be extended to a two-step heating process to 

analyze the results of a femtosecond system. Finally it can be concluded that, the simulation 

results obtained using this thermal model gives some clear understanding of the key 

parameters like heat loss in the donor layer and fluence window for a thick donor material. It 

shows that for a nanosecond pulse, the transfer process is dominated by thermal processes. 

This model can be extended to predict the temperature profile of other material like oxides 

and semiconductors by adopting the relevant material properties.  

6.2 Future Recommendations 

The thermal model described in this report predicts the localized heating and the resulting 

surface temperature change and heat distribution in the donor material for varying pulse 

length, donor layer thickness and laser energy density. The model can be fine-tuned to predict 

more accurate results and can also be extended to predict the behavior for a femtosecond 

pulse length. A few suggestions are presented for future work. 

(i) Due to limitation of memory and processing power the inclusion of a thinner donor 

substrate (500 nm) was considered in one model. It was observed that, even though 

there is no absorption into the laser transparent donor substrate, there is some amount 

of heat loss in it, this is due to the thermal conductivity and heat capacity of the donor 

material. It was also observed that the heat loss is not linear for a shorter pulse and the 

heat diffusion increases for a longer pulse length. An interesting idea will be to 

control this heat loss by using a material with very poor thermal conductivity and heat 

capacity between the substrate and donor layer and look at the temperature profile in 
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the donor material. This might influence the peak surface temperature in the donor 

material.  

(ii) Thermophysical properties of the material such as thermal diffusivity, heat capacity 

and thermal conductivity plays crucial role at elevated temperatures. These material 

properties can be measured in lab such as using laser flash method [55] and included 

in the model to calibrate it. 

(iii) Surface property such as surface roughness of the material also plays an important 

role in light absorption and reflection during laser material interaction. Hence, it will 

be interesting to investigate the results by including the surface property and include 

the effect in the model and compare it with the obtained results. 

(iv) Even though this model is used till 10 ps pulse lengths, it is recommended to extend 

the current model to a two-step heating process. This two-step heating process can be 

used to predict results for femtosecond systems also. 

(v) As a next step towards modeling LIFT process, including mass transfer and fluid 

mechanics will help in studying the jetting effects and provide physical explanation to 

the shadowgraphy experiments. 
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8 Appendix 

8.1 Absorption of light in a material: 

The complex refractive index can be expressed by Eq.8.1 as 

         (8.1)  

 

where   is the refractive index and   is extinction coefficient.  

 

                                             Figure 8.1:  normal incidence on a material 

Assuming that the pulsed laser beam is incident normal to the target surface (figure 8.1), the 

electric field intensity inside the material can be given by Eq. 8.2. 

             [   
 

 
     (8.2)  

 

where        is the electric field intensity in the target,    is the electric field intensity at z = 

0, ω is the incident laser angle frequency,   is laser propagation velocity in the target given 

by Eq. 8.3. 

   
 

  
 (8.3)  

 

where c is the laser propagation velocity in vacuum. Substituting Eq.(8.1), Eq.(8.3) in 

Eq.(8.2) we get the following relation, 

                          
  

 
       

  

 
  (8.4)  

 

In the target the laser intensity is equal to square of        i.e                  , therefore 

taking the square of Eq.8.4 gives, 
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  (8.5)  

 

The attenuation of incident laser intensity in the target is given by Lambert-Beer law 

expressed by Eq.2.1. 

                         (8.6)  

 

where        is the intensity at a given time,t and depth, z. 

Comparing Eq 8.5 and 8.6 we get,  

   
   

 
 

    

 
 

   

 
 (8.7)  

hence Lambert-Beer law can be written as, 
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8.2 Heat diffusion equation in 3-dimensions 

(a) From Eq. 4.5 and Eq. 4.6 we can write 

        ∇     ∇   
 H 

  
 (8.8)  

 

Substituting Eq. 4.3 in Eq. 8.8 we obtain, 

        ∇     ∇   ρ  

  

  
 (8.9)  

 

Therefore rearranging the terms we get, 

 
  

  
 

 

ρ  
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ρ  

 ∇  ∇   
      

ρ  
 (8.10)  

 

Expanding in cartesian co-ordinates, we obtain Eq.4.7. 

(b) The integrated complementary error function is given by, 

                  
 

 

   (8.11)  

 

where,                    
 

 
     

 

 

   (8.12)  
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8.3 Calculation of reflectivity, absorption coefficient and optical penetration 

depth 

Formula to calculate Reflectivity, R 

   
         

         
 (8.13)  

where n refractive index 

   extinction coefficient 

A plot of refractive index, n and extinction coefficient,   of copper with respect to 

wavelength is made in figure 1 and figure 2 below from the data available in [49]. 

 

                       Figure 1: Refractive index as a function of time [49]. 

 

                     Figure 2: Extinction coefficient as a function of wavelength [1]. 
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Ignoring the non-linear effects, the absorption coefficient, α [1/m] of a material can be 

calculated using the formula given in Eq. 1.2 below. 

   
   

 
 (8.14)  

 

The inverse of α gives optical penetration depth of the material and at λ=355nm, n= 1.34 and 

 =1.93, substituting these values in Eq.1.1 and Eq. 1.2 we get,  

R = 0.42 and α = 6.832*10
7
 m

-1
  

This gives an optical penetration depth, δ [m] of approximately 14.64 nm. Similarly R, α and 

δ for other wavelengths are calculated. A plot of δ vs. λ in made in figure 1.3. It can be seen 

from the graph that the optical penetration depth increase with increase in wavelength and 

then reduces significantly.  

 

          Figure 3: Optical penetration depth as a function of wavelength [49]. 

The absorption coefficient of copper increases for longer wavelength due to change in 

refractive index and extinction coefficient of the material. Also, if we ignore the non-linear 

and quantum effects then the transmission coefficient, T of a material falls exponentially with 

thickness and the relation can be written in simple term as, 

             (8.15)  

 

where α is absorption coefficient and t is thickness of the material. 
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8.4 Model Implementation using COMSOL Multiphysics 

MODEL WIZARD 

1 Go to Model Wizard window. 

2 Click the 2D button. 

3 Click Next. 

 

4 In the Add Physics tree, select Heat Transfer Heat Transfer in Solids (ht). 

5 Click Next. 
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6 Find the Studies subsection. In the tree, select Preset Studies Time Dependent. 

7 Click Finish 

 

GEOMETRY 

1 In the Model Builder window, right click Model 1 Geometry 1 and choose Rectangle. 

Locate Units Length unit, change it to µm. 

 

2 Go to the Settings window for Rectangle. 

3 Locate the Size section. In the Width edit field, type 100 and in the Height edit field, type 

0.200. 
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4 Click the Build All button. 

GLOBAL DEFINITIONS 

Defining the parameters and functions for use before setting up the Physics 

Parameters 

1 In the Model Builder window, right-click Global Definitions and choose Parameters. 

 

2 In the Parameters settings window, locate the Parameters section.  

3 In the table, enter the following settings for temperature independent material properties. 
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Functions 

1 In the Model Builder, right-click Global Definitions, select Functions and then choose 

Analytic. 

 

 

2 In the Analytic settings window, locate  

Function NameIn the edit field, write the name of function, e.g. Gauss_time in this case of 

Gaussian function in time domain. 

Expressions enter the expression of Gaussian function in time domain in the edit field. 

Arguments In the edit field, enter the argument of the function, t . 

Plot Parameters Under plot parameters, enter the range of values. Similarly, functions like 

Gauss_Space, temperature dependent function of thermal conductivity and heat capacity is 

implemented.  
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MODEL 1 

Defining variables and material properties for the model 

Variables 1 

1 In Model Builder window, locate Model 1Definitions and choose Variables. 
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2 In the Variables settings window, locate the Variables section and enter the expression for 

laser power density and heat input in the edit field. 

 

Materials 

1 In the Model Builder window, under Model 1 right-click Materials and choose Material. 

 

 

2 In the Material settings window, located Material Contents and enter the temperature 

independent material values in the Value edit field. 
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3 For Material dependent heat capacity and thermal conductivity, enter the analytic function 

in the following manner 

 

Heat Transfer in Solids (ht) 

Setting up the Physics 

Initial Values 1 

1 In the Model Builder window, click on Initial Values 1 and locate the Initial Values in 

Initial Values settings windows. In the edit field type T0. 
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Heat Source 1 

1 In the Model Builder window, right-click Heat Transfer in Solids (ht) and select Heat 

Source. 

2 Select all domains. 

3 In the Heat Source settings window, locate the Heat Source section. In the Q edit field, 

select user defined and type Q_in. 

 

Mesh 1 

Use mapped mesh 



 

81 

 

Mapped 1 

1 In the Model Builder window, under Model 1 right-click Mesh 1 and choose Mapped. 

2 Right-click Mapped 1 and select Distribution, repeat this once more.  

3 Click on Distribution 1 and In the Distribution settings window, locate Boundary 

Selection and select boundary 3. In the Distribution edit field type 6667 to get a mesh size of 

15nm along Width. 

 

 

4 Click on Distribution 2 and In the Distribution settings window, locate Boundary 

Selection and select boundary 4. In the Distribution edit field type 20 to get a mesh size of 

10nm along height. 
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5 Click on Build All. 

STUDY 1 

Step 1: Time Dependent 

1 In the Model Builder window, under Study 1, click Step 1: Time Dependent. 

2 In the Time Dependent settings, locate Study Settings section and in the Times edit field, 

type range (0, 5.0e-10, 8.0e-8). 

 

 

3 In the Model Builder window right-click Study 1 and choose Compute. 
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RESULTS 

Temperature 

The first default plot shows the temperature on the thin copper layer. Point graph and line 

graph can be made to look at the temperature rise on the surface and temperature gradient 

along thickness of the metallic layer. 

Point Graph 

1 In the Model Builder window, under Results, right-click on Data Sets and choose Cut 

Point 2D. 

2 In the Cut Point 2D settings window, locate Point Data and in the edit field enter the value 

of x and y co-ordinates (0, 0) to look at temperature profile at the centre. 

3 Click Plot 
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4 In the Model Builder window, right-click Results1D Plot Group. Right-click 1D Plot 

Group 4 and choose Point Graph.  

5 In the 1D Point Graph settings window, locate Data  Data set, select Cut Point 2D 1 

and Time selection All. 

6 Click Plot 
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8.5 LIFT Experiment 

A Coherent AVIA Nd:YAG 355nm, 25ns and Coherent Talisker 355, 532 and 1064 nm, 10ps 

setups were used to transfer a 200nm thick copper layer deposited on a transparent glass 

substrate. A schematic of the laser setup at Holst Centre, Eindhoven is shown in figure D.1. 

 

 

Figure 1: Holst Centre laser lab, High Tech Campus, Eindhoven 

The Coherent Talisker is integrated with two head, one with 355nm and other with 

532nm/1064nm. Different objective lens is used to get the desired wavelength. An internal 

attenuator is used to regulate the power and get a fluence range desirable for the LIFT 

process. An XY translation stage generates a position synchronized output signal which helps 

in the patterning process. The whole process is computer controlled by software. 

 Metallic copper is sputter coated on a transparent glass substrate and then it is kept in 

close proximity of a receiver substrate. The distance between receiver and donor is 

determined by a spacer layer. The laser pulse is shot on the obverse surface of the transparent 
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donor substrate which results in transfer of a copper droplet. The XY translation stage helps 

in achieving the desired pattern. The transferred sample is then investigated by optical 

microscopy and confocal microscopy to determine the size of the transferred droplet. A 

dektak profilometer is used to measure the height of the droplet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


