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Abstract 
 
Modern integrated circuit fabrication uses the dual damascene process to create the copper 
interconnects in the Back End of the Line (BEOL) processing.  The number of wiring levels is 
increasing to eight or more in advanced microprocessors, and the complexity and cost of the 
BEOL processes is growing rapidly.  An approach to dual damascene processing using Step and 
Flash Imprint Lithography (S-FIL

®
) in conjunction with Sacrificial Imprint Materials (SIM) offers the 

ability to pattern two levels of interconnect structures simultaneously.  By using a multi-level 
imprint template built with both the via and trench structures, one imprint lithography step can 
produce the same structures as two photolithography steps, greatly reducing the number of 
patterning process steps in the BEOL layers.  This paper presents progress in formulation of new 
sacrificial imprint materials and the development of S-FIL and etch processes to incorporate the 
SIM strategy.  The SIM is formulated as a two-component system, with a tunable etch rate 
adjusted by the ratio of the monomer and cross-linker components.  High quality imprints were 

produced with a multi-level template on wafers with blank films of black diamond
®

 dielectric 
material.  The quality of the multi-level pattern transfer from the SIM into black diamond was 
evaluated. 
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1. Introduction 
 
In modern integrated circuit fabrication, copper interconnects are often used in Back End of Line 
(BEOL) layers to provide electrical connectivity amongst the transistors and to connect the device 
to the outside world.  These copper interconnects are made with the dual damascene process, 
where the vias and trenches are patterned into a dielectric layer in two lithography steps, then 
simultaneously filled with copper.  The damascene process provides a reduction in the number of 
metal fill and CMP steps in the BEOL, however this process still requires twenty or more process 
steps per wiring layer.  As the number of wiring layers in advanced microprocessors steadily 
increases (now eight or more levels); the search continues for ways to reduce the number of 
process steps in the BEOL layers. 
 
A new approach to dual damascene processing using Step and Flash Imprint Lithography (S-FIL) 
has been previously reported,1 in which S-FIL demonstrated the capability of producing three 
dimensional pattern transfers.  By using a multi-level imprint template built with both via and 
trench structures, one imprint lithography step can produce the same pattern structure as two 
photolithography steps, further reducing the number of process steps in the BEOL layers, thereby 
significantly reducing the cost of the dual damascene process.2 
 



Successful integration of S-FIL into the dual damascene process requires an imprint tool with an 
overlay capability, a repeatable imprint process, imprint templates with multi-level interconnect 
features, and imprint materials that meet the demands of dual damascene processing.  The 
performance of the imprint tool has been reported previously.3  A new set of multi-level templates 
has been designed based on previous learning, fabricated by Toppan, and evaluated.  Earlier 
publications disclosed the composition and properties of novel Imprintable Dielectric Materials 
(IDM).4  Work continues on the evaluation of this family of IDM materials, as well as study of new 
Sacrificial Imprint Materials (SIM), which serve as an etch mask for patterning use in the dual 
damascene process.  This paper presents progress towards integrating multi-level S-FIL into a 
copper CMP process flow at the ATDF, Inc. in Austin, Texas. 
 
 

2. Experimental 
 
S-FIL Processing 
The S-FIL process has been reported in previous articles and is only briefly described here.5,6  
Figure 1 shows the process sequence used for a multi-level pattern imprinting.  A low-viscosity, 
photopolymerizable imprint liquid was first dispensed onto the substrate.  A quartz template with 
multi-level structures was then brought into contact with the imprint liquid at room temperature 
and low imprint pressure, and allowed to fill the contours of the template.  Once the filling was 
complete, ultra-violet irradiation was used to polymerize the imprint liquid into a solid film, and 
finally the template was removed from the solidified imprint monomer.  This hardened film retains 
a negative replica of the quartz template pattern, and it is ready for pattern transfer etches. 
 

 
Figure 1:  Multi-level SFIL process 

 
Template 
A new multi-level imprint template was designed at the ATDF, based on learning from the 
evaluations of previous multi-level templates1.  The two levels of patterning on the template 
makeup the via 1 and metal 2 layers of the circuit pattern, and contain the standard BEOL 
electrical test structures, such as via chains, kelvin arrays, and interdigitated serpentines.  Each 
test structure was printed at several dimensions, ranging from 2um to 120nm.  The active area on 
each template is 1 in2 and includes four duplicates of the electrical test pattern.  Unused areas 
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between test structures are filled with dummy features to maintain a constant pattern density for 
improved CMP uniformity.  The multilevel templates for this project were purchased from Toppan 
Photomask.7 
 

  
Figure 2:  AFM measurement of the multi-level template, courtesy of Toppan Photomask (Left); 
optical image of the same template (right) 
 
Imprint Materials 
Two material approaches have been explored to implement S-FIL in the dual damascene 
process, Imprintable Dielectric Materials (IDM) and Sacrificial Imprint Materials (SIM).  Synthesis 
and evaluation of IDM candidates such as alkoxysilanes sol-gels4 (Figure 3) and polyhedral 
oligomeric silsesquioxanes materials (Figure 4) has been previously reported8, and work 
continues on a viscous liquid dispense system that enables the use of POSS materials in SFIL 
process.9 
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Figure 3:  Structures of various components for sol-gel formulation,  a) tetramethoxysilane 
(TMOS)  b) methacryloxymethyltrimethoxylsilane (MATMOS)  c) methyltrimethoxysilane 
(MTMOS) 
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Figure 4:  Structure of functionalized POSS material.  Sites labeled A and B are locations of 
acrylic and BCB functionalization, respectively. 
 
Another approach to the implementation of S-FIL in dual damascene is with the use of sacrificial 
imprint materials (SIM).  In this approach, the multi-level pattern is first imprinted into the SIM 
material using the standard S-FIL process, this relief structure is then transferred into the 
interlayer dielectric materials (ILD) with a multi-step etch process, effectively using the patterned 
SIM as a three dimensional imprint resist (Figure 5).  The SIM strategy employs the S-FIL 
process to reduce the number of patterning steps, while making full use of the existing ILD 
materials and technologies.  In this way, no new material becomes part of the device. 
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Figure 5:  Multi-level SFIL process with sacrificial imprint material 

 
Successful implementation of SIM into the dual damascene process requires the simultaneous 
transfer of both trench and via structures from the imprinted film into the ILD substrate with high 
fidelity.  Several SIM formulations with varying etch rates were produced at UT-Austin, and then 
patterned on a blanket blank ILD coated wafers using an Imprio 55 imprint lithography system.  
The patterned wafers were etched at the ATDF, using the standard ATDF black diamond etch 
process.  The etched results were examined with SEM to evaluate pattern quality and provided 
the information required to refine the etch recipe. 
 
 

3. Results and Discussion 
 
Template 
The template used in the experiments was fabricated by Toppan, based on learning from the a 
previously described template.1,4  The new design improved the fill characteristics and 
incorporated more via chains, via arrays, BEOL electrical test structures, and tightened the 
minimum feature size to 120nm.  Preliminary imprint tests with the new template have shown 
successful patterning of 120nm vias.  After the optimization of the imprint recipe, the residual 
layer thickness was reduced to less then 20nm (Figure 6), a significant improvement from the 
>50nm residual layer seen with previous templates. 
 



  
Figure 6:  Imprints of the 811AZ template after imprint recipe optimization, showing 600nm and 
120nm vias with less then 10nm of residual layer. 
 
Sacrificial Imprint Materials 
A two-component SIM formulation consisting of an organic monomer and a silicon containing 
cross linker, was pursued to enable establishment of an etch rate that matches black diamond.  
The organic monomer has higher etch resistance, while the silicon containing cross linker has 
lower etch resistance.  By varying the ratio of the two components in the SIM formulation, the 
etch rate of the SIM was adjusted to optimize the transfer of the imprinted structures into the ILD 
substrate. 
 
Several materials were evaluated for inclusion as the organic monomer for the SIM process.  
Their etch rates in the standard ATDF black diamond etch process were compared against that of 
black diamond and SiO2, two common ILD materials.  Of the materials tested, isobornyl acrylate 
and poly(vinyl acetate) had the highest etch rates, ~22A/s for isobornyl acrylate and ~25 A/s for 
poly(vinyl acetate); but their etch rates are still well below the 40A/s etch rate of black diamond 
(Figure 7).  Isobornyl acrylate was picked for its known compatibility with SFIL process and good 
miscibility with the silicon containing cross linker. 
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Figure 7:  Etch rates of several non-Si containing materials using standard ATDF black diamond 
etch process. 
 



The silicon-containing cross linker used in this study is a branched poly(dimethyl siloxane), known 
as Si-14, that was synthesized at UT Austin (Figure 8).  It is a low viscosity liquid (<20cP) at room 
temperature, polymerizable by radical initiation, and contains high weight fractions of silicon 
relative to other known silicon containing imprint materials.  The material has high polymerization 
reactivity, low viscosity, low vapor pressure, and high etch rate. 
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Figure 8:  The branched poly(dimethyl siloxane) cross-linker, Si-14 
 
Several SIM formulations with different ratios of the Si-14 to isobornyl acrylate were made and 
their etch rates characterized. (Figure 9).  From the etch simulation model, it was found that too 
low of an SIM etch rate would result in via punching thru the entire ILD layer before the trench 
structure had a chance to be etched into ILD, while too high of an SIM etch rate would result in 
flattening of the transferred structures. (Figure 10)  An optimal etch rate of the SIM layer is 
needed to achieve pattern transfer with high fidelity.  This model analysis was verified with etch 
tests of SIM samples with different compositions. (Figure 11) 
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Figure 9:  Etch rates of different ratios of Si-14 / isobornyl acrylate SIM formulations. 
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Figure 10:  Simulation of etch transfer from imprinted SIM profile into substrate ILD film.  From left 
to right, high SIM etch rate, optimized SIM etch rate, low SIM etch rate. 
 

 
Figure 11:  Cross section SEM image of etch results with different ratios of Si-14 / isobornyl 
acrylate SIM formulations.  From left to right, high SIM etch rate, optimized SIM etch rate, low 
SIM etch rate. 
 
Several examples of the SIM process are shown in figures 12 to 15.  An imprinted trench and via 
structure (Figure 12) was etched with the standard ATDF black diamond etch recipe, to first 
transfer the via structures into the ILD substrate (Figure 13).  Once the via transfer was complete, 
a descum etch was used to clear out the residual SIM from the bottom of trenches, and then 
another round of black diamond etch was used to transfer the trench structure into the ILD 
substrate (Figure 14).  Figure 15 shows a profile SEM image of an imprinted trench with 120nm 
vias, post etch, demonstrating a good aspect ratio of the etched vias. 
 

 
Figure 12:  SEM image of multi-level 
imprinted structures in the SIM layer, on top 
of ILD substrate. 
 

 
Figure 13:  SEM image of via level structure 
transferred into ILD. 
 



 
Figure 14:  SEM image after both via and 
trench level structure were transferred into 
ILD. 
 

 
Figure 15:  SEM image of trench with 120nm 
vias, post etch. 
 
 

 
4. Conclusion 

 
Progress has been made in the design of a sacrificial imprint material for implementation of 
imprint lithography in a dual damascene BEOL process.  The two-component SIM formulation is 
compatible with S-FIL processing and allows etch rate customization by adjusting the ratio of the 
organic monomer to the silicon-containing cross-linker.  Optimization of the etch process enabled 
successful pattern transfer of both the via and trench structures from the imprint material into the 
ILD substrate.  More work is needed to fully integrate the SIM process through metallization, 
CMP, and electrical testing.  The successful integration of S-FIL into the ATDF dual damascene 
process will simplify the BEOL process flow, provide increased throughput and reduced unit cost. 
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