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ABSTRACT 

In this study, the mechanism of LADI is investigated 

theoretically and experimentally. First of all, a numerical 

simulation of the pulsed laser heating is developed. The 

simulation is based on the laser-material interaction and a 

1D thermal analysis with both solid and a molten liquid 

under consideration. For given laser fluence, pulse duration 

(30ns, KrF 248nm excimer laser), and material properties, 

the complete history of temperature and melting depth 

during the laser heating is obtained. Secondly, since the 

surface melting is happening with a short period of time, 

the imprinting process is modeled based as a quick 

releasing of pre-loaded strain in the quartz mold and silicon 

sample. Such a transient behavior can be characterized by 

elastodynamics and wave motion. Based on the analysis, 

the imprinting velocity of the quartz surface is equal to the 

fast released pressure divided by acoustic impedance of 

quartz. By conjunction of the pulsed laser heating 

simulation and the surface movement equation, the 

relationship between the applied pre-loaded pressure and 

the imprinting depth can be quantitative determined 

provided the laser characteristics and material properties are 

given. It is found that at lower contact pressure, the 

imprinting depth is almost linear proportional to the contact 

pressure, while at higher contact pressure is most 

determined by the laser fluence. This new theoretical model 

not only provides a good insight to the fundamental 

mechanism of LADI but also a useful tool for quantitative 

control or optimization of LADI processes. 

Keywords: laser assisted direct imprinting (LADI), nano-

patterning, pulse laser heating, dynamic wave motion 

theory, imprinting mechanism 

1 INTRODUCTION 

Nano-imprinting lithography (NIL) has been 

developed over a decade [1-5] and is now a promising 

method for nano-patterning and nano-fabrication. Fig. 1 

illustrates the basic concepts of nano-imprinting, which 

includes a mold, an etching resist layer and a sample 

substrate. The mold has some nano-scale features on the 

surface fabricated by either E-beam lithography or focus 

ion bean techniques. The resist layer is usually thermo-

plastic polymer such as PMMA. By heating up the resist 

layer above its glass transition temperature (Tg), the mold 

can impinge into the resist layer and form a pattern. 

Following by reaction ion etching (RIE or ICP), the nano-

pattern is transformed to the resist layer and the substrate. 

It is then followed by standard lithography processes to 

achieve nano-structures on the substrate surface.  

Laser Assisted Direct Imprinting (LADI) method was 

proposed by S. Y. Chou, et. al. [6] in 2002. This new 

imprinting method shares some similar concepts of the 

nano-imprinting but with a much more straightforward 

approach for nano-pattern transformation. As shown 

schematically in Fig. 2, it utilizes a short-wavelength and 

high-energy laser pulse to radiate on the sample surface 

which is in contact with and is pre-loaded by a mold. The 

mold bears some pre-fabricated nano-scale features on its 

contact side and is made of materials transparent to the 

laser light. Upon radiating the laser pulse on the sample 

surface, the near-surface materials melt and a laser-induced 

molten layer is formed, which allows the mold to impinge 

into the sample directly. Subsequent cooling and 

solidification of the molten layer will then complete the 

transformation of the nano-patterns from the mold to the 

sample. This laser assisted direct imprinting method has 

several obvious advantages over the nano-imprinting 

technique in terms of simplicity and efficiency, and 

therefore shows a great potential for future nano-patterning 

and fabrication of nano-structures. In the mean time, 

however, this newly proposed method raises a number of 

questions which are very interesting and intriguing from 

the academic point of view, and at the same time very 

crucial to the future applications of this technology. 
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2 PULSE LASER HEATING 

To analyze the LADI, one has to first solve the heat 

generation, heat propagation, material melting, and re-

solidification process. The heat-transfer system discussed 

here consists of two materials contacting with each other. 

Irradiated the excimer-laser (KrF 248 nm) travels from 

right without absorption through quartz mold and next 

arrives at the surface of silicon substrate as illustrated in Fig. 

3. Since the characteristic time for lattice vibration is about 

the magnitude of pico-second, the concept of 

thermodynamic coefficients (e.g. C and T) and thermal-

transport coefficients (e.g. K) could make physical sense in 

time scale of nano-second. Therefore, the continuum-based 

description of heat conduction can be employed for laser 

heating with pulse duration of a fe tens of nano-second. 

Including the heat-source induced by absorption of 

excimer-laser, the equation of heat transport within two 

materials in one-dimension could be written as 

( , ) ( , )
( ) ( ) ( , )i i i

T x t T x t
C T K T S x t

t x x
,          (1) 

where i=1 and 2 for quartz and silicon, respectively, and   

, , , ,  and K C T S  represent density, thermal conductivity, 

specific heat capacity, temperature and heat-source term 

respectively. The heat-source term S(x,t) (W/cm3) can be 

further written as 

0( )( , ) ( ) (1 ) x xS x t I t R e ,                                   (2) 

where I(t) (W/cm2) describes the pulse-shape of laser, 

(cm-1) represents the absorption coefficient, R is the 

reflectivity of the light irradiating on material and x0 is the 

position for which the material starts to absorb the laser 

energy. Usually I(t) and  are pre-assumed or derived from 

experimental measurement in order to perform the 

computation. All coefficients can be found in material data 

references.  

As for the modeling of melting phase-change of both 

materials, the present study is not going to calculate the 

position and velocity of the moving solid-liquid interface as 

most researchers do, but rather adopts a straightforward 

way - the enthalpy method. This method replaces the 

discontinuous change in the enthalpy-temperature diagram 

by a deep but continuous curve in the narrow neighborhood 

of the melting temperature. Besides, the melting phase-

change will increase the absorption coefficient as well as 

the reflectivity parameter. For simplicity, both values are 

switched while phase-change occurs. 

With known dependence on time, spatial and 

temperature for specific heat-capacity, thermal conductivity 

and heat-source term for both materials, the transient spatial 

distribution of temperature T(x,t) is going to be solved by 

explicit finite-difference-method in this study. Since the 

grid-width is exponentially dense near boundaries and 

interfaces, namely the grid-width is not constant, the 

iteration algorithm for each grid at each time-step will be 

Fig. 2.  Laser Assisted Direct Imprinting (LADI) processing 
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Fig. 3. Transient analysis on the LADI process
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where N and M are numbers of grids and time-steps, and 

ix  is the grid-width of each grid. For each computation 

case in this study, the initial temperature of all domains is 

given as room temperature and the laser pulse is triggered 

at t = 0. 

 Figure 4 shows the numerical simulation data for a KfT 

248 nm excimer laser pulse with a pulse duration of 30 ns 

(FWHM). The substrate is a silicon sample. The total 

melting depth have been described as a function of time. 

Form Fig. 4 one can see that the melting starts roughly 20 

ns after the pulse radiates on the sample. The increase of 

melting depth depends on the laser fluence. The duration of 

existence of melting layer also proportional to the pulse 

fluence and is in the order of 100 to 200 ns for fluence close 

to 1 J/cm2. The simulated time of duration of the melting 

layer match to the experimental data in Ref.[6].   
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Fig. 4. The melting depth as a function of time under 

different laser fluence. 

3 ELASTODYNAMIC MODELING 

In this section, a dynamic model will be present to 

account for the imprinting depth as a function of LADI’s 

parameters, including laser pulse duration and applied or 

pre-loaded pressure. The key point here is that, as show in 

Fig. 3, before the pulse laser heating, there are strains and 

stresses already built in the silicon substrate and the quartz 

mold by the pre-loaded pressure. What the substrate surface 

is melting, the stiffness will drop immediately so that the 

pre-loaded strains and stresses are released.  

To illustrate this idea, Fig.5 should an elastic solid that 

is pre-loaded by a pressure Po so that there are deformation, 

strain, and stress inside the solid. When the force acting on 

the left-hand-side of the solid is suddenly disappear, the 

left-hand-side surface will move toward the left. The initial 

surface velocity or particle velocity vo is determined by the 

acoustic impedance of the solid,  

o o oZ c      (4) 

where o is the solid density and co is the longitudinal wave 

velocity.  From basic elastodynamic theory, the initial 

surface particle velocity vo can be related to the initial 

pressure Po as,   

o
o

o o

P
c

c
     (5) 

In the following modeling, we will neglect the inertial 

force and viscous force of the molten silicon. Therefore the 

final imprinting depth can be determined by combining the 

melting depth history as shown in Fig. 4 and the quartz 

surface particle velocity from Eq. (5). When the quartz 

surface meet the re-solidification surface of melting silicon, 

the imprinting process stop and the imprinting depth is 

complete. Fig. 6 shows the results. The imprinting depth 

have been calculated as a function of applied pre-loaded 

pressure and the pulse laser fluence.  The characteristics of 

the laser pulse are the same as the ones used for the 

calculation of Fig. 4. One can see that, when the applied 

loading is larger than 150 MPa, the imprinting depth is not 

sensitive to the loading pressure but is proportional to the 

laser fluence.   
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Figure 5. Simulated imprinting depth as a function of 

applied pre-loaded pressure and laser fluecne. 
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Fig. 5. The elastodynamic modeling of LADI 
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4 CONCLUSION 

In this work, we re-mold the LADI process based on 

pulse laser heating and an elastodynamic wave motion 

model. Based on this model, the temperature and melting 

history is simulated based on the material properties and 

laser’s characteristics. With the melting history, the final 

imprinting depth is calculated and is related to the laser 

pulse characteristics and the applied loading force. It is 

found that when the pre-loaded pressure is low, both the 

laser fluence and the pressure can increase the imprinting 

depth. However, when the pressure is above certain level, it 

is the laser ffluence dominate the overall imprinting depth. 

Preliminary experimental results show a similar trend but 

detail investigation is still under way.  
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