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A simple analysis of aerial image quality reveals that negative tone imaging is 
superior to positive tone for small dimension contacts and trenches. Negative Tone 
Development (NTD) of positive chemically amplified (de-protecting) photoresist is 
currently the favored method for realizing such images on the wafer.  One of the 
challenges for these materials is prediction of cross-section shape.  Cross-section 
shape is often critical in leading-edge lithography processes where resist thinning or 
top loss can lead to pattern failure during the etch process. 

There are two important effects that make prediction of cross-section shape more 
difficult for NTD materials.  First, NTD materials typically do not have the develop 
contrast of positive tone develop (PTD) systems. NTD often has a larger minimum 
(unexposed) develop rate, and a smaller maximum (fully exposed) develop rate.  
Second, photoresist typically shrinks after post-exposure bake in regions where 
de-protection is high. For PTD, these regions dissolve, and the features are formed by 
the protected areas which do not show shrinkage.  The opposite is true for NTD, 
where the regions with the largest amount of shrinkage form the features on the wafer. 

We demonstrate a photoresist model that incorporates resist shrinkage following the 
elasticity theory described by Flory – volume loss due to de-protection leads to a stress 
in the photoresist, and the material deforms in a way that minimizes the free energy of 
the system.  We show that this model, combined with accurate dissolution rate 
measurements, can accurately predict cross-section shape for isolated and dense 
trenches formed with an example NTD material. 
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1. Introduction 
 It has long been known that certain 

features will print with superior image quality 
with a negative tone resist process. Mack [1] 
published on this as early as 1991. Despite 
this, mass volume manufacturing processes at 
the 248nm and 193nm wavelengths have 
almost exclusively utilized positive tone 
chemically amplified photoresists developed 
in aqueous base solution. These resists 
operate on the principal of acid catalyzed 
de-protection to modulate the polymer 
solubility in the developer. Although negative 

tone chemically amplified resists have been 
developed, for one reason or another, they 
have never been widely adopted in 
mainstream IC processing. 

In recent years, with the introduction of 
ArF immersion systems and multiple 
patterning techniques, the ever-diminishing 
process windows for back-end features such 
as contacts and semi-dense trenches have 
prompted renewed interest in negative tone 
imaging, because simple aerial image analysis 
shows substantial benefits from changing 
from the conventional positive tone imaging. 
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Promising results have been shown for these 
layers utilizing a novel process for producing 
a negative tone resist image: rather than using 
the standard cross-linking resist system [2,3] 
developed in an aqueous base, a standard 
de-protecting (positive type) resist [4,5] is 
used with a solvent-based development 
solution. It has been reported that such 
negative tone development processes do 
indeed image with superior quality to the 
standard positive tone approach [6,7]. 

Physical simulation of lithography has a 
long history [8] of aiding researchers and 
engineers in understanding and optimizing 
real world processes. Ideally, this would also 
be true for NTD. In this work, we investigate 
how well current physical models can 
represent the experimental results obtained 
from actual NTD processes and what may 
cause the observed deviations. 

 
2. Approach to modeling negative tone 
development 

In positive tone development of standard 
chemically amplified photoresist, the polymer 
dissolution properties in aqueous base of the 
polymer increase as acid labile ‘protecting’ 
groups are removed from the polymer. These 
‘leaving’ groups are ‘de-protected’ in an acid 
catalyzed reaction during the PEB (Post 
Exposure Bake) and volatilize out of the film. 
In the negative tone development process, a 
solvent developer is used; this exploits the 
fact that the polarity of the resist material 
increases with higher de-protection extent. As 
the polymer’s polarity increases, its solubility 
in the solvent decreases.  Because the entire 
chemistry of NTD and PTD seem nearly 
identical other than the direction of solubility 
on the development step, the obvious 
approach is to use the same chemically 
amplified resist model as currently employed 
for PTD but reverse the development rate 
equation.  However, the evaporation of the 
leaving groups will also lead to shrinkage of 
the resist film which may have a significant 
impact on the final resist cross-section shape.  
After PEB and after develop resist thickness 
is shown in Figure 1 for a model NTD system 
from Dow [9].  As shown in the Figure, 
about 15nm of thickness loss is seen after 
PEB at high exposure dose values.  After 
develop, an additional 15nm of resist loss is 

also observed.  From this simple experiment, 
it is clear that accurate cross-section 
prediction will require both an accurate 
description of shrinkage during PEB and an 
accurate description of the develop process.   

Figure 1: Resist thickness versus dose after 
PEB for a de-protecting photoresist for an 
open-frame exposure. The initial film thickness 
after spin-coat and soft bake was 100 nm.  Also 
shown is the after-develop thickness with 
negative tone develop processing. 

 
Our model for de-protection shrinkage 

follows the thermodynamic theory used by 
Flory [10] to describe deformation of a 
polymer with a solvent concentration.  The 
mixture of polymer and solvent is a balance 
between the mechanical deformation of the 
polymer and the chemical interaction between 
a low-molecular weight solvent and the 
polymer.  While polymer and solvent 
mixture may seem quite different from 
shrinkage during PEB, the same theoretical 
framework can be applied to shrinkage during 
the PEB process. In the current case, the 
product of the de-protection reaction acts as 
the low molecular weight solvent, and the 
photoresist resin acts as the polymer.  
Instead of the solvent penetrating the polymer 
and creating a deformed gel, our simulations 
represent the evaporation of the de-protection 
products to form a deformed photoresist 
structure. The theory starts with an equation 
for the free energy of the system: 

 
         (1) 

 
Where the first term is the free energy of 
mixing: 
 ( )psssBmix nnTkF φχφ += ln        (2) 

elasticmix FFF +=
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Where kB is Boltzmann’s constant, T is 
temperature, ns is the number of solvent 
molecules, φs and φp are the volume fraction 
of solvent and polymer, and χ is the Flory 
interaction parameter [10].  The second term 
in equation (1) is the contribution to the free 
energy due to deformation of the polymer 
network: 
 
 

 
                    (3) 
 
Where np is the number of polymer 

molecules, and α1, α2, and α3 are the 
eigenvalues of the finite strain tensor.  We 
will not go into a detailed description of these 
free energy terms here, but the basic idea is 
that the system will reach equilibrium by 
minimizing the total free energy given by 
equation (1); this will require both chemical 
and mechanical equilibrium.  The mixing 
term will cause a negative osmotic pressure as 
the blocking groups leave the polymer matrix, 
and this pressure term will be balanced by the 
elastic deformation of the polymer.  We 
solve this mechanical problem using standard 
finite element techniques [11]. 

We further assume that the blocking groups 
volatilize out of the film during PEB, and that 
the density of the resist remains constant 
throughout the PEB process.  As the film 
loses mass, the film must shrink to maintain 
constant density, and the shrinkage is linearly 
proportional to the local de-protection level.  
This is based on the protection level, M. It 
should be noted that the protection level in 
the remaining resist after development for 
NTD is much lower than PTD. We model this 
relationship by making the number of resist 
molecules a function of the local protection 
level: 

 
                   (4) 
 

Where nMax and nmin are the maximum and 
minimum number of polymers in a unit 
volume within the resist. In an exposed area, 
protection level M will be lower, and because 
the leaving group has evaporated, the number 
of polymer molecules per unit volume will 
decrease to nmin because the leaving group 
acts like a solvent and dilutes the polymer 

concentration.  This assumption allows the 
de-protection shrinkage to be inhomogeous 
over the resist domain. These two parameters 
can be obtained by fitting the PEB film 
shrinkage curve in Figure 1. 

The second part of our model for NTD 
systems is the develop process.  Several 
development rate equations [12-14] are 
routinely used in lithography simulation.  
The original equation proposed by Mack [12] 
is still the most commonly used. This rate 
equation given by: 

 
   (5) 
 

 
and  
 

and R(M) is the instantaneous bulk 
development rate, M is the local protection 
extent, Rmax is the maximum development rate 
of the resist (when M = 0), Rmin is the 
minimum development rate of the resist 
(when M = 1), n is the dissolution selectivity 
and Mth is the threshold protection level when 
there is an inflection point in the R(M) curve. 

This equation can be reversed to describe 
negative tone development by substituting 
R(1-M) for R(M). The meanings of Rmax and 
Rmin and n are retained, but the threshold 
protection level where the inflection in the 
development rate occurs is now at 1-Mth. 
Figure 2 shows plots of the Mack model in 
both PTD and NTD modes.  The Rmin and 
Rmax values were determined with a Develop 
Rate Monitor (DRM) for the model Dow 
material in PTD and NTD modes [9].  When 
the resist was developed as a positive tone 
material, Rmax was larger than 290nm/sec (the 
resolution of the DRM) and Rmin was very 
small (no detectable thickness change after 
225 seconds for an unexposed sample). When 
the same material was developed with an 
organic solvent system, Rmax was measured as 
39.1nm/sec, and Rmin was found to be 
0.2nm/sec. This material demonstrates a 
typical trend with these materials: Rmax is 
larger for PTD compared with NTD, and Rmin 
is lower for PTD compared with NTD.  This 
leads to lower develop contrast and greater 
thickness loss for the NTD system.  This is 
all consistent with the results shown in Figure 
1, where we show thickness after PEB and 
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after develop for an open frame exposure of 
an NTD system.  

 
Figure 2: Plot of the Mack rate equation 
configured in both positive and negative tone 
dissolution modes, with measured maximum and 
minimum development rates for the model 
material in this study. 

 
3. Results 

Two cases are studied using the 
aforementioned NTD model. The focus of our 
study is on matching a simulated resist 
cross-section profile with an experimental 
result [15]. First, an isolated feature (100nm 
trench on 600nm pitch) is modeled and 
compared with experiment. Next, the same 
material model is applied to a second case 
where 65nm trench is on printed on a 130nm 
pitch. Again, the cross-section from 
simulation is compared with experimental 
result. 

 
3.1 100nm trench on 600nm pitch 

In this example, we exposed a 100nm 
trench on a 600nm pitch and collected a 
cross-section SEM image shown in Figure 3. 
The center of the resist is around 54nm thick 
and edge is around 70nm thick. Then, we 
simulate this isolated trench structure using 
PROLITHTM (KLA-Tencor, Milpitas, CA) 
NTD processing. We first simulate the resist 
profile without de-protection shrinkage. 
Figure 4 shows the simulated resist profile 
without de-protection shrinkage (1.35NA, 
immersion ArF, 0.9/0.6 Annular, X/Y 
polarization). The top surface is flat and resist 
thickness is around 90nm.  The protection 
level inside the resist is shown in Figure 5.   
As shown in the Figure, the middle of the 
resist line has a lower protection level 

compared to the edge. As a result, we should 
expect more shrinkage in the center than the 
outer edge.  

 
Figure 3: Electron microscopy cross-section 
shapes of resist lines in the case of 100nm 
isolated (600nm Pitch) trench (1.35NA, 
immersion ArF, 0.9/0.6 Annular, 21mJ/cm2) 
 

 
Figure 4: Simulated developed resist profile of 
100nm isolated (600nm Pitch) trench without 
de-protection shrinkage 
 

 

Figure 5: Simulated protection level in the resist 
feature in the case of 100nm isolated (600nm 
Pitch) trench (1.35NA, immersion ArF, 0.9/0.6 
Annular, X/Y polarization) assuming typical 
generic model parameters. 

 
Figure 6 shows the maximum principal 

stress in resist after PEB and de-protection 
shrinkage. The exposed area shows more 
shrinkage than unexposed area. The exposed 
part of the resist is found to be 85nm thick 
and the unexposed part is found to be 93nm 
thick. The whole resist is under tensile stress. 
It should be noted that the film thickness after 
PEB is higher than the final developed resist 
thickness at both the middle and the edge 
locations. The maximum stress is found in the 
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unexposed region which later would be 
developed away. It should be noted that the 
top of the resist is under higher stress than the 
bottom of the resist. As a result, during 
development the stress would be released and 
more vertical and lateral shrinkage would 
appear. Due to stress relaxation, the 
side-walls of resist are pulled in and the 
thickness of resist shrinks more. This 
phenomenon could be reproduced by 
simulation. After applying the shrinkage 
simulation on developed resist profile, the 
resist deforms and an updated resist profile is 
obtained and shown in Figure 7. It should be 
noted that the resist thickness is around 60nm 
in the middle of resist line and 70nm near the 
edge which is lower than the values in Figure 
6 due to stress relaxation and development 
shrinkage. Compared to the simulated resist 
profile in Figure 4, the resist profile after 
shrinkage is a better match to the experiment 
result in Figure 3.  
 

 
 
Figure 6: Maximum principal stress and resist 
thickness in resist film stack after PEB 
 
 

 
 
Figure 7: Simulated cross-section shape of resist 
lines for the case of 100nm isolated (600nm Pitch) 
trench after de-protection shrinkage (left) 
compared with experimental electron microscopy 
cross-section image of resist line (right). 
 
3.2 65nm trench in 130nm pitch 

In this example, we exposed a 65nm line on 
a 130nm pitch and collected the 
cross-sectional SEM (Scanning Electron 
Microscopy) image shown in Figure 8. The 
thickness of the developed resist feature is 
around 80nm, and the resist top is not as 
curved as the former case. This is due to 
lower de-protection level in dense feature. 

For comparison, we use PROLITH NTD 
processing to simulate the same structure. 
First, we simulate the resist profile without 
de-protection shrinkage, and we obtain a 
resist thickness of 93nm, as shown in Figure 9.  
In Figure 10, we show the protection level 
inside the resist. As for the isolated trench, 
the center of resist shows lower protection 
level compared to the edge. However, we can 
see that the protection level of dense feature 
from Figure 10 is higher than the protection 
level of isolated feature in Figure 5. We 
expect this will lead to a smaller amount of 
shrinkage in dense feature compared with the 
isolated case.  Results of the de-protection 
shrinkage simulation are shown in Figure 11. 
Again, reasonable agreement between 
experiment and simulation is observed. The 
resist thickness shrinks down to 73nm from 
93nm without shrinkage, compared to 68nm 
in the experimental SEM shown in Figure 8. 

 

     
 
Figure 8: Electron microscopy cross-section 
shapes of resist lines in the case of 65nm dense 
(130nm Pitch) trench (1.35NA, immersion ArF, 
0.9/0.6 Annular, X/Y polarization, 21mJ/cm2) 
 
4. Conclusions 

Experimental NTD process data shows 
cross-sections that are often difficult to 
predict with conventional photolithography 
simulators.  We have shown a new model for 
shrinkage of the resist during PEB that can be 
used in combination with accurate 
development rate data to predict NTD 
cross-sections. The amount of shrinkage 
varies locally according to the local 
protection   level,    which   represents 
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Figure 9: Final developed resist profile 65nm 
dense (130nm Pitch) trench without shrinkage  
 

 

Figure 10: Protection level in the resist feature in 
the case of 65nm dense (130nm Pitch) trench 
(1.35NA, immersion ArF, 0.9/0.6 Annular, X/Y 
polarization) assuming typical generic model 
parameters. 

 
Figure 11: Simulated cross-section shape of a 
resist line in the case of 65nm isolated (130nm 
Pitch) trench after de-protection shrinkage (left) 
and electron microscopy cross-section image of 
resist line (right). 

 
inhomogeneous material properties. Two 
examples are studied using our NTD model, 
and the simulated results were compared with 
experiments. We demonstrate the predictive 

capability of PROLITH NTD model on 
matching the resist cross-section shape for 
both isolated and dense cases using the same 
set of parameters.  

Future work on this model will include 
exploration of shrinkage over multiple doses 
and focus conditions. Calibration using this 
model on more NTD resist material is also 
desirable for further validation. 
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