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ABSTRACT 
For lithography simulation physically correct resist models are required to achieve the best prediction of resist images 
across multiple process conditions.  In the past, very limited work has been done to integrate the soft bake process into 
the full resist model.  In this paper we describe how the soft-bake process generates a non-isotropic physical state in the 
resist.  Then simple models for the effect of the solvent concentration, quencher concentration and free volume on the 
Exposure, PEB and develop kinetics are proposed and implemented.   These models are coupled with the soft bake 
evaporation diffusion model to produce a physically based chemically amplified resist model that covers every 
processing step.  The resulting model is used to simulate the kinetics for a chemically amplified resist as a function of 
soft bake condition. 
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1. INTRODUCTION 
 
For lithography simulation physically correct resist models are required to achieve the best prediction of resist images 
across multiple process conditions.  In the past, very limited work has been done to integrate the soft bake process into a 
physical resist model.  The most popular approach has been to ignore the soft bake process entirely and treat the 
subsequent resist processing steps as independent of the soft bake conditions.  One step higher on the evolutionary scale 
is to extract the resist parameters for exposure, Post apply bake (PAB) and develop models over a range of soft bake 
processes.  The resist model parameters are then interpolated between this library of soft bake conditions.  This approach 
may yield a composite resist model that works across a range of soft bake conditions but does not provide any insight 
into the underlying physical principles.  Also the work required to implement such an approach is more than the average 
lithographer is willing to undertake.  A physically-based coupling of the soft-bake process and the subsequent resist 
processing steps into a full resist model is desirable.   
 
A significant amount of experimental work on characterizing the soft bake process has been published.  This published 
work includes measurements of total solvent retention using mass spectrometry[1] C14 solvent tagging[2,3] quartz crystal 
microbalance[4], NMR [5], and ellipsometry[6,7].  The basic physical models for the soft bake step have been described 
in the literature.  Various groups have presented models for the thermal decomposition, solvent evaporation and free 
volume limited diffusion[9] required to simulate the physical state of the resist after soft bake processing.  These models 
describe the observed experimental data collected for the soft bake process and are a good starting point for coupling of 
the Soft Bake process into a full chemically amplified resist model. 
 
In this paper we describe how the soft-bake process generates a non-isotropic physical state in the resist using the 
previously published evaporation-diffusion model.  Then simple models for the effect of the solvent concentration, 
quencher concentration and free volume on the post exposure bake process are proposed and implemented.   These 
models are coupled with the existing soft-bake model to produce a physicall-based resist model that predicts the soft 
bake influence on lithographic performance. 
 

2. THEORY 
 
Soft Bake Model 
 



The soft bake process is a combination of solvent evaporation, solvent diffusion and polymer compaction,  all of which 
are driven by the temperature profile of the soft bake process.  Additionally, the resist additives may decompose, diffuse 
and evaporate during the soft bake step.  A complete model for the solvent evaporation and solvent diffusion has been 
presented by Mack[9].  This model was used to fit the extensive collection of solvent retention and distribution collected 
by researchers at the University of Texas [3,4,9].  This solvent evaporation-diffusion model is explained below. 
 
The solvent evaporation-diffusion process is represented by the partial differential equation. 

 S(z)D +δ(z)S(z)k- = 
dt

dS(z)
Sevap ����   (1) 

in which S(z) is the solvent concentration as a function of depth into the resist, kevap is the evaporation rate constant, and 
DS is the solvent diffusion coefficient in the polymer film.  The correct solution of Equation 1 is complicated by the non-
constant diffusivity of small molecules such as solvent within polymer films.  The solvent molecule itself plasticises the 
polymer film and enhances its own diffusivity.  This non-Fickian diffusivity model is solvable only using numerical 
methods.  For this work a 1D finite volume numerical solution of Equation 1 was implemented.   
 
A free volume diffusivity model effectively describes the non-Fickian behavior of the solvent diffusivity in polymer 

films.  In this model the diffusivity is controlled by the free volume, vf , of the polymer. fv
B

eD
�

�   (2) 

Cohen and Turnbull[10] first proposed the free volume theory to describe diffusivity within solutions.  About the same 
time, Williams, Landel and Ferry[11] described polymer relaxation kinetics for polymeric systems above the glass 
transition temperature , Tg, using a free volume expression.  Later, Fujita et. al.[12] applied both models to describe the 
diffusivity of small molecules through polymer films.  In this description of the polymer film, the free volume comes 
from both the increased thermal expansion of the polymer film above the glass transition temperature and the 
platicization volume from the added small molecules.  Mack in his work[9] modified the free volume term to work 
above and below the polymer Tg. when  solvent molecules are present in the film. 
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where  �s  = mass fraction of solvent 
  Tg  = glass transition temperature of pure polymer 
  vg   = free volume of pure polymer at Tg 
  �

�
  = differential thermal expansion coefficient above the Tg 

���  = density scaled fractional volume parameter 
 
In this description of the free volume, the diffusivity can be written as 
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where D0 is the diffusion coefficient at Tg and B is the free volume efficiency parameter. 
 



The evaporation term in Equation 1 can be derived from basic physical chemistry yielding a description of the 
evaporation rate constant kevap in terms of basic thermodynamic properties of the solvent.  The rate of material loss (kg 
per unit time) due to evaporation is proportional to the vapor pressure ps (Newtons) of the evaporating material. 
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In equation 5 Ms is the molecular weight of the evaporating material, T is the temperature (K), and R is the gas constant.  
Assuming the validity of Raoult’s Law for the mixture, the vapor pressure of the solvent can be written as the product of 
the vapor pressure of the pure solvent and the solvent fraction at the polymer film surface. 

 ssp ���
0

sp   (6) 

Further, the vapor pressure of the pure solvent molecule as a function of temperature is described by the Claussius-
Clapeyron equation 
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where �Hvap is the heat of vaporization for the solvent.  Assuming constant �Hvap over the range of temperature of 
interest the vapor pressure (atm) at any temperature can be related to the boiling point of the solvent since ps(TBP) � 1 
atm. 
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Combining equations 5 through 8, the rate of solvent fraction change at the polymer surface due to evaporation can be 
written as 
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which yields the evaporate rate constant as a function of temperature  
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Equations 1, 3, 4 and 10 represent a complete model for solvent evaporation and diffusion during the soft bake process.  
It should be noted that the evaporation and diffusion of other resist components (e.g. base additives) can also be 
described using the same model.  The free volume expression (Equation 3) must be summed over all components in the 
resist film.  

  (11) �� ��������
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The evaporation and diffusion of all components must be solved simultaneously using a coupled set of PDEs of the form 
given in Equation 1.  The resulting concentration of solvent and resist additives as a function of depth into the resist can 
be incorporate into the post soft bake models (exposure, PEB and develop).  In this paper we will discuss how the 
solvent and base concentration depth profiles affect the post exposure bake process. 

Exposure Model. 

Modeling the exposure step requires knowledge of the  resist material bulk optical properties as well as the kinetics of 
the photochemical reaction.  The bulk optical properties can be described entirely by the complex refractive index of the 
coated resist layer. The refractive index � is the sum of a real part n and imaginary part k.  The refractive index of the 
resist film after soft bake can be approximated by a weighted average of the refractive index for each component in the 
film.  This effective medium approximation can be written as 

   (12) �� �����
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where �polymer is the refractive index of the resist polymer, �i is the fraction of the ith resist component remaining after 
the soft bake step, and �i is the complex refractive index of the ith component.  The summation proceeds over all the 
non-polymer components of the resist film (solvent, PAG, base, etc.). 
 
A kinetic description of the photochemical step can be ascertained from a simple first-order reaction mechanism of a 
photoacid generator (PAG) with the incident photons. 

 AcidhvPAG C
����  

This mechanism can be described by a first order rate equation.  The solution of this rate equation is typically written as 
a concentration of produced photoacid as a function of exposure dose in the resist film 
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For this paper we assume that the exposure kinetic parameter C is unaffected by the soft bake process and that the final 
resist film refractive index and thickness are the main soft bake influences on the exposure step. 
 
Post Exposure Bake Model 
 
As with the exposure step, the PEB process can be described using a simple chemical mechanism.  This mechanism is 
shown below and involves several concurrent reactions.  First,  the catalytic photoacid can react with polymer protecting 
sites, M, to generate deprotected sites, X, and to regenerate the catalytic acid.  The photoacid can also react with base or 
quencher molecules, Q, within the resist to become an inactive species A-Q.  This quenching reaction is an acid base 
equilibrium type reaction and should be reversible.  These quencher molecules can come from unwanted contamination 
or can be purposely added to the resist to alter its lithographic performance.  The acid molecule can also undergo other 
non-specific reactions that render it ineffective for catalysis.  This later loss reaction is typically unknown and will be 
neglected for this work.  A set of differential equations can be written to mathematically describe the time dependent 
concentration of each species represented in this mechanism.  These are given in Equation 14.  Because the 
concentration of species is not constant throughout the film and mass transport is possible, diffusion terms, e.g. ��D� , 
are required for each species.  The diffusion coefficients for both the photoacid and the base should be calculated using 
Equation 4 with the remaining solvent contributing to the free volume (Equation 11). 
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[Acid]D[AQ]k[Q][Acid]k[Acid]k
dt

d[Acid]
QQloss �����������
��

 (14b) 

[Acid]D[AQ]k[Q][Acid]k[Acid]
dt

d[Q]
QQQ
���������

��
  (14c) 

M(t)MX(t) 0t ��
�

  (14d) 

 
The bimolecular reaction between the protecting group and the acid is represented as a two-step reaction in which the 
two reactants must first come together and form a complex.  This complex can either diffuse apart (the reverse reaction) 
or continue forward to produce the deprotected species and regenerate the catalytic acid.  The complex formation and 
separation rates are diffusion limited and have the same rate constant, 	D , where D is the diffusion coefficient of the 
acid molecule and 	 is the cross-section number defining how close the two groups must be before reaction can take 
place.  The forward reaction is controlled by a localized reaction rate constant ka.  The acid quenching reaction has both 
forward and reverse reaction rate constants.  The ratio 

��
�

QQeq kkK  is the kinetic acid-base equilibrium constant 

for this acid-base pair in the polymer matrix at the associated PEB temperature.   
 
It should be noted that the mechanism shown in Figure 3 is just one possible description for CAR resists.  A less detailed 
mechanism can be used, in which the bimolecular reaction is represented by just one overall rate constant and assuming 
that the quenching reaction is assumed to be extremely fast and irreversible.  This mechanism is 

Acid  X   Acid    M ak
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The rate equation for the protected group concentration is then 

 [M][Acid]k
dt

d[M]
a ����   (15) 



where ka is the overall rate constant for deprotection of the polymer.  The functional form of the rate equation is the same 
for both mechanisms (Equations 14a and 15) , but Equation 14a distinguishes between diffusion limited and kinetic 
limited deprotection.  If 	D >> ka then the overall rate reduces to ka (kinetic limited).  If ka>>	D then the overall rate 
reduces to 	D (diffusion limited).  Classically, most bimolecular reactions in solid films are diffusion limited.   

Develop Model 

The develop step was modeled using a surface limited development in which the develop rate depends upon the 
localized extent of deprotection.  There are many empirical models available for fitting this develop rate vs. deprotection 
function.  None of the empirical models provide insight into the chemical origins of the develop function.  They all 
should be interpreted as mere fitting functions and nothing more. The standard Mack model was used for the resist in 
this study.  The standard Mack model functional form is shown in Equations 16a and 16b. 
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Most resists exhibit an apparent inhibition of develop rate at the top of the resist.  A clear explanation of this inhibition 
for chemically amplified resists has not yet been established.  For modeling purposes an exponential inhibition function 
was used in which the develop rate as a function of depth into the resist is modified as follows  
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where R(m) is the bulk develop rate calculated from either the Mack or Enhanced Mack models, z is the depth into the 
resist, Rinh is the inhibition factor, and Rz is the depth of inhibition.  It is believed that  the develop inhibition seen in 
chemically amplified resists is a function of the deprotection profile and as such should be modeled during the PEB 
process  
 

3. ESTIMATING MODEL PARAMETERS 
 

As described above, the free volume diffusion model required for the soft bake process has a large number of physical 
parameters.  A common frustration for users of modeling software is the effort required  to obtain simulation parameters.  
From a user perspective it is desirable to know the theoretical value and the physically significant range for each 
parameter.  Theoretical values for most of the evaporation and diffusion parameters described in section 2 are discussed 
below. 
 
First, the heat of vaporization can be estimated by noting that the entropy change going from the liquid to gas phase is 
fairly constant for most materials.  At the boiling point the change in free energy for evaporation is zero and the resulting 
expression for �Hvap (cal/mol) is known as Trouton’s rule 

   (18) bpvap T*0.21H ��



Table 1 shows the measured �Hvap and the Trouton’s Rule value for several solvents.  The agreement is fairly 
good.  Since the boiling point and molecular weight of the solvent is easily obtained, the evaporation rate 
constant can be estimated using Equation 10. 

 
Table 1: Boiling points and heats of vaporization for common resist solvent   

For comparison, Trouton’s Rule approximation is also listed. 
Solvent Tbp  

(�C) 
�Hvap 

(kcal/mol) 
Trouton’s �Hvap 

(kcal/mol) 
Water 100 9.72 7.85 
Ethyl Lactate 145  8.79 
PGMEA 154 10.39 8.98 
Cyclohexanone 155 9.73 9.01 

 
Williams-Landel and Ferry estimated values for ���and vg  as 0.00048 (K-1) and 0.025 respectively.  The exact value for 
�2 should be easily measured using an ellipsometer.  The relative thickness change with changing temperature defines 
the thermal expansion coefficient.  �2 is the difference in thermal expansion coefficient above the Tg and below the Tg.  
vg is not so easily measured.  However, published values for most polymer films have not varied significantly from the 
WLF value of 2.5%.  This is especially true for the low molecular weight polymers common in photoresist systems. 
 
The glass transition temperature , Tg, is seemingly easily measured.  However, the thermal stability of many photoresist 
polymers is such that the standard method for determining the glass transition temperature has difficulty detecting the 
weak second order transition under the stronger thermal decomposition signal[6].  Values range from slightly lower than 
the soft bake temperature for annealing-type resists to approximately 80
C above the soft bake temperature for 
cycloolefin 193nm resists. 
 
Cohen and Trunbull limit the B parameter to be within 0.5 and 1.0.  Several researchers have reported values for B near 
0.75.  In this work the B value was fixed to the middle of the Cohen and Turnbull range (B=0.75). 
 
D0 and � parameters are diffusant/polymer dependent. Typical values can be estimated from published solvent retention 
data found in the literature.  If the theoretical values for all other parameters are used and Tg is known then D0 and � 
become the only adjustable parameters for this model. 
 

4. RESULTS AND DISCUSSION 
 
The resist used in this study was the Shipley KrF UV5 resist.  This resist was chosen because it exhibits several key 
characteristics that can only be explained using a post exposure bake model coupled to the soft bake model.  UV5 is 
reported to be of the ESCAP class of resist.  ESCAP resists were developed to improve post exposure delay stability 
against environmental contamination from airborne amines.  The deprotection kinetics and solvent retention data were 
measured using FTIR as a function of exposure dose, soft bake and post exposure bake condition.  The methods used for 
data collection were previously published[13] and will not be discussed in detail here. 
 
The solvent retention as a function of soft bake temperature was measured by tracking the absorbance peak for the 
carbonyl peak of the ethyl-lactate solvent.  Since nothing else of significant concentration was assumed to evaporate 
during the soft bake the loss of carbonyl absorbance should be proportional to the loss of solvent.  The concentration of 
remaining solvent can be obtained by scaling the carbonyl absorbance peak signal, A, using the formula 
 

 
0initial

initial
initials A-A

A-A  �� �    (19) 



where Ainitial and A0 are the peak signals for �initial and 0% solvent concentrations, respectively.  One limitation of the 
method is that the values for �initial and A0 are difficult to obtain.  In general A0 can only be estimated from extremely 
long soft bake times.  The value for �initial makes very little difference in the final solvent concentration[9] and only 
minor error results by fixing �initial at 20%. 
 
The remaining solvent concentration for UV5 as a function of soft bake temperature was determined using the FTIR 
method and is shown in Figure 1.  Ito and Sherwood published solvent retention results for a similar polymer system and 
several solvents.  The Ito values are absolute solvent concentration obtained using NMR spectroscopy and do not have 
the scaling issue associated with our FTIR method.  The Ito data is shown in Figure 1 for an ESCAP polymer and two 
solvents (Ethyl Lactate and PGMEA). 
 
Using the solvent evaporation and diffusion model presented in Section II the total solvent content was calculated as a 
function of the soft bake temperature.  The results are compared in Figure 1 with the experimental data.  The simulation 
parameters used were the defaults presented in Section III with the exception of Tg and �.  Tg was fixed at 135
C.  The 
� parameter for each solvent was coarsely adjusted to match the experimental results.  The � values used were �PGMEA = 
0.4, and �Ethyl Lactate = 0.7.  PGMEA’s lower utilization of the available free volume for diffusion (lower � value) is 
consistent with stronger solvent-polymer interaction through hydrogen bonding as reported by Ito.  The Shipley UV5 
resist shows a similar solvent retention curve as Ito’s ESCAP with Ethyl Lactate.   
Because the solvent evaporation comes from the top of the resist, the final solvent distribution within the resist will not 
be uniform.  There will is always less solvent near the top of the resist than at the bottom.  The magnitude of solvent 
non-uniformity is controlled by the various model parameters and process conditions.  Figure 2 shows the simulated 
solvent concentration as a function of depth into the resist for UV5.  The process conditions were 130
C and 140
C.  
This solvent distribution leads to important vertical differences in the resist. 
 
The same free volume diffusivity model that applies to solvent should also apply to the other diffusing compounds with 
a resist film.  Because of the ability of solvent to enhance diffusivity by increasing the free volume (Equation 4),  the 
diffusion coefficient of the photoacid (and the base) is determined by how much solvent remains after the soft bake.  If 
the solvent concentration varies with depth into the resist, the diffusion coefficient of the photoacid (and base) should 
also vary with depth into the resist.  The calculated photoacid diffusivity as a function of depth into the resist is shown in 
Figure 2 for UV5 after 130 and 140
C soft bakes.  To calculate the diffusivity of photoacid as a function of free volume 
shown in Figure 2 we set the �acid to 0.23 and leave the other diffusivity model parameters the same as for the solvent.  
As shown in Figure 2 the diffusivity of the photoacid is predicted to be remarkably larger near the bottom of the resist 
than at the top.  The gradient in diffusivity extends over 200 nm into the photoresist.  Likewise, the average diffusivity 
after the higher soft bake condition (D140 = 9.6 nm2/s) is 6 times lower than after the lower soft bake condition (D130 = 57 
nm2/s) .  This diffusivity variation with depth and soft bake temperature can produce large resist performance and profile 
changes with soft bake temperature.   
 
The kinetics of the PEB process are also influenced by the soft bake process.  The kinetics are described by Equations 
14a-14d.  To determine the influence of the soft bake process conditions on the PEB kinetic parameters for UV5, the 
protection group concentration as a function of exposure dose was measured for 5 different soft bake conditions.  The 
experimental results are shown in Figure 3.  These plots are called chemical contrast curves[14].  By fitting these 
chemical contrast curves the PEB kinetic parameters can be obtained.  The chemical contrast curves for chemically 
amplified resists typically have three distinct regions.  The low exposure dose range shows little if any change in the 
protecting group until a threshold dose is reached.  Above the threshold dose, the protection group concentration drops 
off quickly with increasing exposure dose.  At very high doses the protection group concentration levels off 
asymptotically with increasing exposure dose.  The limited deprotection at exposure doses below the threshold dose is a 
direct consequence of photoacid quenching by the added base.  Once the photogenerated acid titrates the added base, 
deprotection becomes significant.   
 
With UV5 the threshold exposure dose decreases with increasing soft bake temperature.  This may be a consequence of 
base evaporation during the soft bake process.  To investigate this theory, base evaporation and diffusion during the soft 
bake was simulated.  The evaporation and diffusion model for base is the same as for the solvent.  Using our Finite-



Volume solver the solvent evaporation and base evaporation were computed simultaneously since the solvent 
concentration contributes significantly to the free volume of the polymer and controls the base diffusion during the soft 
bake.  The final base concentration profile after soft bake was then fed into the PEB model as the initial base condition.  
Simulating the base evaporation required fitting the �Hvap for the base since the boiling point was not known.  The �base 
parameter was also fit and the initial base concentration was taken from the 100
C soft bake condition with the 
assumption that this soft bake condition had insignificant base evaporation.  All other diffusion parameters were set to 
the same values as the solvent.   
 
The rate of protecting group loss above the threshold exposure dose is proportional to the amplification rate constant ka.  
As seen in Figure 3 this parameter appears to change with soft bake condition.  This is not surprising since the diffusion 
coefficient for the photoacid depends upon soft bake condition and the deprotection reaction is diffusion limited.  The 
amplification rate constant, and base evaporation parameters �Hvap, and �base were fit by matching the chemical contrast 
curves for each soft bake condition.  The simulated results (lines) are shown in Figure 3 compared with the experimental 
data (symbols).  The final base evaporation parameters were [Q]Initial=0.206 , �Hvap= 21.02kcal/mol, �base=0.23.  As 
shown in Figure 3 roughly 70% of the base evaporates at the highest soft bake condition investigated. 
 
As mentioned earlier the photoacid diffusion coefficient varies dramatically with depth into the photoresist when the free 
volume diffusion model is used.  This can lead to unusual profile shapes.  UV5 for instance shows standing wave 
patterns near the top of the resist but not at the bottom when imaged on reflective substrates such as bare silicon.  This is 
shown in cross-section of 250nm isolated lines in Figure 4.  Using the modeling parameters extracted from the FTIR 
studies above the cross sectional profile was simulated and the results are also shown in Figure 4.  The simulated resist 
profiles match fairly well.  Although the profile shape does not exactly match the qualitative results of re-entrant profile 
shape and the unusual standing wave sidewall pattern are reproduced.  This phenomenon is impossible to recreate 
without the incorporation of the soft bake model and solvent controlled PAG diffusion.   
 
In match the chemical kinetics data, it was assumed that a single deprotection rate existed through the depth of the resist 
for each process condition.  However, the deprotection rate varies with soft bake condition, which suggests that the 
deprotection rate depends upon the solvent concentration.  One explanation is that the deprotection reaction is diffusion 
limited and is proportional to the diffusion coefficient.   
 

5. CONCLUSION 
 
In this paper existing soft bake models were coupled to the post exposure bake for chemically amplified resists.  The 
solvent evaporation and free volume controlled diffusion model was used to simulate the soft bake process for the 
Shipley UV5 KrF resist.  The soft bake condition was shown to influence the post exposure bake kinetics.  This soft bake 
influence was effectively simulated by allowing base evaporation during the soft bake step and using a photoacid 
diffusion model that takes into account solvent induced free volume effects.  The vertical dependence of the diffusion 
coefficient was shown to generate re-entrant resist profiles and inhibit standing wave removal at the top of the resist.   
 
In future work the deprotection rate constant will be explicitly coupled to the diffusion constant, solvent evaporation 
during the post exposure bake will be included in the model, and the influence of the solvent induced free volume on the 
develop model will be investigated.   
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Figure1: Solvent concentration as a function of soft bake temperature for three polymer and solvent 

combinations.  PGMEA ( ) and Ethyl Lactate( ) data taken from Ito[ref].  UV5 data ( ) measured 
using FTIR technique.  Solvent for UV5 resist is ethyl lactate.  For comparison simulations using 
evaporation-diffusion model are also shown.   
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Figure 2: Graph of calculated solvent concentration as a function of depth into the resist (lines) for soft 

bakes temperatures below and above the polymer Tg.  Also shown is the resulting estimated 
photoacid diffusion coefficient as a function of depth into the photoresist after the same two 
soft bake conditions. 
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Figure 3: Graph of the protection level for UV5 as a function of exposure dose and soft bake 
temperature.  Also shown is the comparison of the simulated result using the coupled soft 
bake model. 

 
 

   
 

Figure 4:   Experimental and simulated 250nm isolated line SEM images for Shipley UV5 Resist on silicon 
showing re-entrant profiles and standing at top of resist but not the bottom of the resist. 

 


