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ABSTRACT 
 

A two-layer bottom anti-reflective coating (BARC) concept in which a layer that develops slowly is coated on 
top of a bottom layer that develops more rapidly was demonstrated.  Development rate control was achieved by selection 
of crosslinker amount and BARC curing conditions.  A single-layer BARC was compared with the two-layer BARC 
concept.  The single-layer BARC does not clear out of 200-nm deep vias.  When the slower developing single-layer 
BARC was coated on top of the faster developing layer, the vias were cleared.  Lithographic evaluation of the two-layer 
BARC concept shows the same resolution advantages as the single-layer system.  Planarization properties of a two-layer 
BARC system are better than for a single-layer system, when comparing the same total nominal thicknesses. 
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1. INTRODUCTION 
 

Using bottom anti-reflective coatings (BARCs) in implant layers has become more desirable for current technology 
nodes because tolerances for reflective notching and critical dimension (CD) variations caused by wafer topography are 
getting smaller. The feasibility of using traditional dry-etch BARCs for implant applications in future technology nodes 
becomes more challenging because dry-etch BARCs cause more process complexity, more defectivity, and potential 
substrate damage.  A solution to this problem is to eliminate the BARC etch step completely by using a wet-developable 
BARC.  In recent years, wet-developable BARCs have been developed specifically for implant layer applications to 
replace traditional dry-etch BARC processes.1-5 
 

Most wet-developable BARCs utilize a polyamic acid soluble in alkaline media as a polymer binder, thus allowing 
the BARC to be removed when the resist is developed.  These wet-developable BARCs are rendered insoluble in resist 
solvents because they take advantage of a thermally driven amic acid-to-imide conversion.  In some cases, a crosslinker 
is added to adjust the dissolution rate of the 
polyamic acid in developer.  Although this 
process works well, it is limited by a thermal 
bake window and isotropic development 
behavior.  The thermal bake window is defined 
as the temperature range in which the BARC 
remains insoluble in organic solvents (to avoid 
intermixing with the resist) but soluble in 
alkaline developer (to allow removal of the 
BARC).  This thermal window is also coupled to 
the development rate.  Development rates 
decrease as imidization and/or crosslinking 
reactions take place.  Figure 1 illustrates the 
phenomena. 

 
 

Figure 1.  Relationship between BARC development rate and bake temperature. 
 



The combination of thermal control of development rate and isotropic development behavior is problematic because 
fast development rates at lower temperatures can undercut resist lines, while at high temperatures slow development 
rates can cause a film to remain after development in between resist lines or in underlying topography.  This limitation is 
further illustrated by using a simple calculation shown in Table I.  For the values shown in Table I, we assumed isotropic 
dissolution behavior, constant development rate from start to finish, and nearly 100% BARC planarization.  For 
example, a BARC having a development rate of 3 nm/sec will require 33.3 seconds to clear a 100-nm-deep via, while the 
same BARC will require 66.7 seconds to clear a 200-nm via.  In a 200-nm or deeper via, this BARC would be expected 
to leave residue during a standard 60-second development cycle.  The areas in gray in Table I show that BARCs with 
these development rates will require more than 60 seconds to clear topography of various depths.  
 

Table I.  Calculated development times (in seconds) required to remove 
BARCs with various development rates from various topography depths. 

 
 
Experimentally the above calculations have been demonstrated and are illustrated in Figure 2 below. BARCs with 

two different development rates were coated on 200-nm vias with features of 150-nm 1:1.5 L/S.  After development at 
various time intervals, the substrates were compared.  Figure 2 shows that after developing for 60 seconds, the BARC 
having a development rate of 1.95 nm/sec did not clear the structures.  This BARC required 90 seconds to totally clear 
the substrate.  The second BARC with a development rate of 10 nm/sec totally cleared the substrate in 60 seconds.  Our 
experience has shown that while rates greater than 5 nm/sec are ideal for clearing deep trenches (deeper than 150 nm), 
such rates are too fast for KrF imaging of features smaller than 0.18 micron. 

 

Figure 2.  SEM cross-section of single-layer BARCs having 1.95 nm/sec (top row) 
and 10 nm/sec (bottom row) development rates. 

 
Thus it can be said that in an isotropic system, development rate determines the minimum printable CD and time 

required to remove the BARC from underlying topography.  In an ideal case, both goals can be achieved with a single-
layer BARC having a given development rate, but in practice, with shrinking CD size and unique topographies, the 
process becomes more difficult.  In this paper we show that by using a two-layer BARC system, which includes a top 
layer designed with the appropriate development rate for lithography and a second bottom layer for clearing topography, 
this dilemma can be solved.  In addition, planarization advantages can be realized because using two coating layers 
results in better planarization than using a single coating layer having the same total nominal thickness. 
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2. METHODOLOGY 

 
2.0 General 

The polymers used in this study were prepared from dianhydrides and diamines condensation reactions using 
established procedures.6-8  The polymer solutions were formulated with various amounts of multifunctional epoxide 
crosslinkers to control dissolution rates.  In addition, a DUV dye was added to adjust BARC absorbance.  Film thickness 
on a silicon substrate was measured with a WS-LSE Gaertner ellipsometer.  Ethyl lactate was used as a stripper solvent 
to determine the minimum temperature required for baking the BARC while maintaining solvent resistance after coating 
and curing.  The solvent was allowed to puddle on the film for 20 seconds, and spin dried.  The film thickness was 
compared before and after solvent contact.  Most films were sufficiently cured to avoid intermixing at temperatures of 
160˚C or higher.  Optical constants n and k were measured at 248 nm using a M2000 Woollam variable-angle 
spectroscopic ellipsometer. 
 
2.1 Development rates 

The films were coated and baked on silicon wafers at various temperatures.  Development rates were determined 
using a development rate monitor (DRM) RDA-790 (made by LithoTech) having a bath with PD523AD (0.26N TMAH) 
developer. 
 
2.2 Lithography 

The BARC formulations were coated and baked on silicon substrates.  The bottom and top layers had thicknesses of 
60 and 15 nm, respectively.  The two-layer BARC was then coated with TDUR-P338 EM KrF photoresist (post-
application bake: 100˚C for 90 seconds; post-exposure bake: 110˚C for 90 seconds).  Exposures were performed with a 
Nikon S-203B scanner (NA = 0.6, σ = ½ annular) and a binary mask.  The wafers were developed using NMD-3 2.38% 
TMAH at 23˚C for 60 seconds and rinsed with water. 
 
2.3 BARC removal 

The ability of the films to clear out of structures was determined by coating single and two-layer BARCs on vias 
having depths of 50, 80, 140, and 200 nm.  At each given depth, the vias had 1:1 L/S varying from 80–500 nm.  The 
films were coated, baked, and immersed in developer for 60 seconds.  Residual film remaining inside vias was measured 
from SEM micrographs. 
 
2.4 Planarization 

Planarizing characteristics of single and two-layer BARCs were determined by coating each film on 200-nm deep 
vias having 160- and 500-nm 1:1 L/S.  The single and two-layer BARCs were coated to achieve equivalent total 
thicknesses.  The single-layer BARC was coated and baked at 185˚C to give a thickness of 74 nm.  The bottom layer of 
the two-layer BARC system was coated and baked at 185˚C to give a thickness of 60 nm.  Then the second layer was 
coated on the bottom layer and baked at 175˚C to produce a total film stack of 76 nm.  Film planarization from each 
coating was measured from SEM micrographs. 
 
 

3. DATA AND RESULTS 
 
3.1 Development rate control 

One of the key parameters affecting the performance of wet-developable polyamic acid–type BARCs is 
development rate.  In order to first determine the desired development rate, a polyamic acid was synthesized and 
formulated with various amounts of crosslinker.  Figure 3 shows the development rate of developable BARCs DB-1 to 
DB-6 after baking at 175˚C.  The increasing amounts of crosslinkers are relative to DB-1 such that DB-2 has 10 times 
the amount of DB-1 and so on.  The graph shows that as the crosslinker amount increases, the development rate 
decreases.  For this study, we selected DB-4 as a single-layer BARC, and DB-2 and DB-3 as bottom-layer candidates 
based on their development rates.  The development rates for DB-2, DB-3, and DB-4 were 33, 6.8, and 1.6 nm/sec, 
respectively. 

 
 



 

Figure 3.  Relationship between crosslinker content and development rate after baking films at 175˚C. 
 
 
3.2 BARC removal evaluation 

Each individual layer selected above was tested for its ability to clear out of vias that were 200 nm deep and 140 nm 
wide.  BARCs DB-2 and DB-3 were coated and baked twice at 165˚C and 175˚C.  The double-bake process was 
intended to simulate the two bake steps experienced by the bottom layer of the two-layer BARC.  DB-4 was baked only 
once as is normally done for single-layer BARCs.  Figure 4 shows the SEM cross-sections of the vias.  The SEM 
micrographs show that single-layer DB-4 BARC is not completely removed from the vias even at the lower bake 
temperature where a higher development rate is expected.  DB-2 was a better candidate for a bottom layer than DB-3 
because DB-3 leaves a small amount of residue at 165˚C and 175˚C.  It can be concluded that at each given temperature, 
the ability of the BARCs to be removed from the vias is related to their corresponding development rates. 
 

Figure 4.  Removal evaluation of DB-2, DB-3, and DB-4 BARCs from vias 200 nm deep. 
 
 

Using the same experimental procedure, the two-layer BARC process was tested by coating DB-4 (slow 
development rate) on top of each of the two bottom layers (DB-2 and DB-3).  The top and bottom layers were baked at 
175˚C each.  Figure 5 shows that after development, the DB-4/DB-2 stack cleared, while the DB-4/DB-3 combination 
did not.  This dramatic result shows that while both layers had similar thicknesses and the same top layer, the ability to 
clear the vias can be directly attributed to the bottom layer’s composition and development rate. 
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Figure 5.  Two-layer BARC systems after development:  a) DB-4/DB-2 and b) DB-4/DB-3. 
 
 
3.3 Two-layer configuration 

We found that crosslinker amounts used to control the BARCs’ development rates did not significantly affect the 
optical properties of the films tested.  In the two-layer design, both layers have similar optical properties (n and k 
values), thus, optically they behave as one thick layer of either coating.  The question remaining then was which layer 
should be the thicker layer in a BARC stack having a total thickness of 75-80 nm?  Two options were explored: 1) a thin 
slow-developing layer on top of a thick fast-developing layer, and 2) a thick slow-developing layer on top of a thin fast-
developing layer.  We coated DB-4 (35 nm)/DB-2 (45 nm) and DB-4 (45 nm)/DB-2 (37 nm) on 200-nm vias and baked 
each layer at 175˚C.  Figure 6 below shows the SEM cross-sections of both two-layer systems before and after a 
60-second development time.  The vias cleared in the case where DB-2 filled 47% of the space within the via after 
coating, while the thinner coating (44% via fill) did not.  This observation suggests that the vias must be mostly filled by 
the faster developing BARC for the dissolution process to be successful within the time limit of the development step. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Two-layer BARC before and after development of 200-nm vias. 
 
 
3.4 Lithography 

The lithographic performance of the two-layer system was evaluated using layers DB-8 on DB-9 under various bake 
temperature conditions.  Film stack DB-8/DB-9 is similar to DB-4/DB-2 except that the former uses a polymer with 
enhanced edge bead removal solvent compatibility.  The BARC bake matrix was necessary to determine the optimum 
bake conditions for each layer.  In the bake temperature matrix, bottom layer DB-9 was cured at 180˚C, 185˚C and 
190˚C, and top layer DB-8 at 165˚C, 170˚C and 175˚C.  Figure 7 shows the SEM cross-sections of 140-nm L/S (center 
focus) at these bake conditions. 

 
In the two-layer BARC process, the quality of the printed line is related the amount of crosslinking or “hardness” of 

each layer.  If the surface of the BARC is too “soft,” the resist intermixes with the BARC, which leads to a footing 
profile.  If the surface is too crosslinked, the developer will not remove the BARC, which causes scum.  A qualitative 
degree of crosslinking can be used to describe the lithographic results shown in Figure 7.  When the bake temperature of 
the top layer is at the lowest (165˚C), its surface is “soft,” which leads to lines with footing.  Undercut is also observed in 
the large pattern due to the low bake temperature of the DB-9 layer.  As the bake temperature of DB-8 is increased, 
footing and scum disappear, an undercut transition phase occurs at 170˚C, and a good profile is obtained at 175˚C.  
When DB-9 bottom layer is processed at 185˚C, the same transition is observed.  However, good lines are now observed 
sooner at 170˚C top layer bake.  The last row in Figure 7 can be explained by the extreme surface hardness differences 

DB-2 (45 nm) DB-4 (35 nm) on 
DB-2 (45 nm) 

Before Development After Development 

DB-4 (35 nm) on 
DB-2 (45 nm) 
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that can occur between the BARC layers.  When the bottom layer is baked at the highest temperature (190˚C) and the top 
at the lowest (165˚C), the mismatch in curing causes stresses and line failure at the BARC layers’ interface. The SEM 
micrograph shows that the bottom BARC layer is still remaining on the substrate, while the two outer lines have 
collapsed along with the top layer.  A compromise to this condition is observed at 170˚C/190˚C DB-8/DB-9 BARC 
bake, but when both layers are baked at the highest temperature, the expected scum appears.  These results indicate that 
careful bake temperature optimization between the layers must take place in order to achieve optimum lithography. 

 

Figure 7.  Effect of layer bake conditions on lithographic performance of 140-nm L/S. 
 
 
3.5 Planarization 

Substrate planarization provides advantages during the lithography process because it reduces the swing effect due 
to resist thickness variations.9  We found that using a two-layer BARC system provides planarization benefits over using 
a single-layer BARC because a higher degree of planarization can be achieved using the two-layer system, even when 
applying both types of coatings to produce the same total nominal thickness.  The observation can be explained by the 
filling effect and leveling of topography that takes place when the first of the two layers is applied.  We coated and 
baked the single-layer BARC DB-7 (74 nm) and the two-layer stack made of DB-8 (16 nm)/DB-9 (60 nm) over 200-nm 
vias.  The thickness from the bottom of the substrate to the top of the BARC inside the via was measured using SEM 
micrographs.  The results are shown in Figure 8.  The two-layer BARC filled 66% of the vias having 160 nm spaces, 
while the single-layer BARC filled 50%.  The difference was maintained across via pitch.  The 500-nm wide vias were 
filled to 57% with the two-layer BARC system and 41% with the single-layer coating. 
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Figure 8.  Via-filling comparison of single-layer and two-layer BARC systems. 

 
 

4. CONCLUSIONS 
 

A two-layer anti-reflection strategy has been proposed.  The two-layer BARC system was compared to a single-
layer BARC.  The two-layer BARC system allows for better control and tuning of development rates, which in turn 
controls the ability to be removed from substrate topography after development.  Two relative stack thickness 
configurations were tested.  In situations where deep underlying topography is present, the vias or trenches must be 
mostly filled with the layer that develops faster.  Lithographic evaluation shows the ability to print 140 nm L/S and the 
image quality is correlated to each layer bake condition.  Planarization performance of the two-layer BARC system is 
better than that of the single-layer BARC. 
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