
logical approach to photomask design and wafer 
exposure.  All of the relevant optical projection, 
resist exposure and development, and etch param-
eters are globally optimized and their effects are 
incorporated into the photomask design.  

There are technical and economic reasons why ne-
olithography is not widely practiced today.  These 
must be overcome for the long term health of the 
integrated circuit industry and world economy.

Evolution of microlithography process control  
Figure 1a shows a simple schematic outline of the 
IC microlithography process.  The objective of this 
process is to print the target wafer features on the 
wafer so that their sizes and positions are within 
the wafer feature tolerances specified by the chip 
designer.2  The process parameters include such 
things as wafer exposure wavelength, numerical 
aperture, coherence parameter, defocus, and expo-
sure dose; photoresist chemical and optical param-
eters; etch parameters; etc.

The role of process simulation in microlithog-
raphy is becoming increasingly important (and 

ultimately indispensable1) as wafer feature sizes 
become smaller than the exposure wavelength, be-
cause the pattern transfer from photomask to wafer 
is nonlinear.   The effectiveness of optical proxim-
ity correction (OPC) and the emerging importance 
of the mask error enhancement factor (MEEF) at-
test to this.

This observat ion has led to the concept of 
neolithography:2

Neolithography n 1: a realistic photolithographic process 
in which the pattern on the photomask is not replicated 
exactly because of diffraction effects, subresolution mask 
features and imperfections, and other effects.  2:  the de-
sign and control of such a process.  

It is characterized by the full integration of process 
simulation and metrology into the IC microlithog-
raphy process, leading to a comprehensive and 
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The process can be understood using a model, or 
simulation, Fig. 1b, typically realized in computer 
code.   Then ideally the inverse model, Fig. 1c, can 
be used to determine the photomask pattern and the 
values of the process parameters which will pro-
duce the desired result in the process.  In the days 
of paleolithography, when the process was approx-
imately linear and the mask pattern appeared to be 
replicated exactly on the wafer, the inverse process 
was simply to scale the photomask pattern by the 
projection reduction ratio. 

However, both the optical exposure and resist de-
velop processes are nonlinear.  The aerial image of 
the photomask in the focal plane of an optical pro-
jection system can never be an exact replica of the 
mask pattern, even in a perfect optical system, be-
cause of diffraction effects arising from the wave 
nature of light.  The optical response of the pho-
toresist during exposure and its chemical response 
during development are nonlinear because of satu-
ration and depletion effects.  The aerial image and 
the photoresist are both 3-dimensional objects, and 
a 2-dimensional model is only an approximation.  
These and other nonlinearities may be tolerable for 
larger wafer features with their larger tolerances, 
but their effects become increasingly apparent as 
feature sizes become smaller than the exposure 
wavelength.  While the magnitudes of process non-
linearity effects have not changed, these nonlinear 
effects become more important as wafer feature 
tolerances become tighter.

As feature sizes began to shrink it soon became 
apparent that the process was not strictly linear.  
The solution to this problem was to continue to use 
the linear process model (simply scaling the mask 
pattern), but to add feedback control to the process 
itself, Fig. 1d.2  If the parameter adjustments were 
small their effects would be approximately linear, 
and the residual nonlinearities could be absorbed in 
the wafer feature tolerances.  The measure-
compare-adjust hardware feedback loop (shown 
lighter in the Figure) adds considerable cost to the 
process, however.  The value added to the product 
must be sufficient to support this higher cost of 
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FIGURE 1.  Simplified block diagram of the microlithography 
process showing optimization and control methods.  Objects 
shown in white are simulated only.
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process parameters and the mask pattern design in 
order to maximize the likelihood that all of the fea-
tures will be printed within their specified toler-
ances on the wafer.  

The aim is to globally optimize the process using 
all available degrees of freedom. With a sufficient-
ly sophisticated simulation, all of the (sometimes 
interdependent) parameters can be simultaneously 
optimized to maximize the overall process win-
dow, while respecting parameter constraints and 
incorporating all of the focal plane process nonlin-
earities into the photomask design,  All of the 
available resolution enhancement tools are inte-
grated into the simulation and can be easily incor-
porated into the mask design as needed.

This is neolithography.

Table I shows a list of  some of the lithography 
process parameters which affect the wafer features 
and may be subject to optimization.  Some of these 

production.

As feature sizes continue to shrink, the effects of 
the parameter adjustments are no longer linear, the 
adjustments can interact with each other, and some 
nonlinear adjustments are now added to the photo-
mask pattern itself (OPC for example).  Clearly the 
cost of this escalating degree of hardware process 
adjustment will increase at an accelerating rate un-
til it will eventually exceed the value added to the 
product.  It is not pleasant to contemplate the  eco-
nomic consequences.

Neolithography  The answer to this dilemma is 
first to improve the process model by incorporating 
the nonlinearities and all other known effects, and 
then to use this model to optimize the process, as 
shown in Fig. 1e.  This is basically a combination 
of Fig. 1a and Fig. 1b.  The ideal solution is to use 
the inverse model Fig. 1c, but the process is so 
complex that the inverse model is intractable and 
may not be unique. Consequently the 
forward model of Fig. 1b is used to 
simulate the process; when placed in 
the optimization feedback loop as 
shown this effectively becomes the 
inverse model.  (Since no simulation 
is perfect, optional hardware feed-
back for minor parameter adjustments 
is included, shown with dotted lines.)  
Notice the expensive Measure com-
ponent does not appear in the simu-
lation, because the simulated features 
are known.

Process optimization  While this 
would appear to add many steps to 
the process, all of the blocks in the 
simulation, the lower half of Fig. 1e, 
are executed in software and can be 
automated, while the processes in the 
upper part require expensive equip-
ment and labor.  In addition, the pur-
pose of the simulation is no longer 
just to control the process with a few 
hardware parameter adjustments. The 
purpose is now to optimize all of the 

Table I
Lithography simulation parameters

Photomask Image 
projection

Resist 
exposure Etch

specified mask 
chrome pattern 
and CDs

specified mask 
phase shifters

optical proximity 
corrections

chrome thickness

chrome edge 
shape

chrome index of 
refraction

magnification

exposure 
wavelength

numerical 
aperture

coherence 
parameter

illumination 
geometry, 
apodization

known projection 
lens aberrations 
and distortion

wafer substrate 
reflectivity

resist thickness

resist sensitivity

resist index of 
refraction

variation in index 
of refraction of 
exposed resist

position of image 
focal plane in the 
resist (focus)

exposure dose

wafer substrate 
reflectivity

resist 
development 
conditions

post exposure 
bake

proximity effects

etch parameters

other stuff
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tern could be used.  Instead, however, the global 
process window can now be optimized by adjust-
ing the mask pattern and the process parameters 
(within their limits), to minimize the sensitivity of 
the process to parameter perturbations.  Now the 
process is opt imized and the mask can be 
fabricated.

The partition of labor here implies that the the en-
tire process--the process parameters and the pho-
tomask pattern, including phase shift and OPC 
features--be designed in the Process simulation 
stage, before the mask specifications are handed to 
the mask manufacturer.  This is because the pro-
cess tools available, their strengths and weakness-
es, their limitations and parameter constraints, and 
their economic implications, are best understood 
by the process engineer.  

While many elements appear in the process simu-
lation block of Fig. 2, the entire simulation and 
optimization can be viewed as one computer pro-
gram consisting of snap-together applications from 
various sources.  The design engineer enters his 
desired wafer feature pattern and the process pa-
rameter default values and constraints, and can 
then go to lunch (or sailing, depending on the pro-
cessor speed du jour), and return to see the opti-
mized parameters and mask pattern.

Photomask fabrication The bottom left block of 
Fig. 2 shows mask fabrication and testing.  After 
the mask is made (the smaller Mask fabrication 
block), it can be placed in a wafer exposure emu-
lation tool (CD metrology tool) to measure the real 
aerial image which will be formed by this real 
mask during wafer exposure.  This tool is simply a 
transmission mode optical microscope whose op-
tical parameters (illumination wavelength, objec-
tive NA, coherence parameter, and illumination 
geometry) are adjusted to be the same as the wafer 
exposure tool to be used. The illumination geome-
try includes such factors as Kohler or critical 
illumination, apodization, etc.2-5  Here the mea-
sured aerial image formed by this mask in emulat-
ed wafer exposure (a data file) can be compared to 
the required aerial image which was developed 

parameters may be beyond the control of the litho-
graphic process engineer, and can be considered 
external constraints to the process design.  All of 
the remaining process parameters can now be op-
timized in the simulation to create the largest 
process window which will center the wafer fea-
tures within their tolerances.  All of this can be 
done at relatively low cost before the first mask or 
wafer is printed.  Of course, this same reasoning 
applies to future generation lithography processes 
(optical or nonoptical). The mask barcode might 
contain information about the parameter values 
used for simulation and exposure.

As usual, the process design is a combination of 
feedforward and feedback.  Rules-based OPC, for 
example, might be applied to the first iteration 
mask design, then the simulation will indicate 
whether any OPC adjustments are needed.

Photomask metrology  There is no reference to 
mask metrology in Fig. 1, but Fig. 2 is a more com-
prehensive diagram showing from a different 
viewpoint how mask metrology and mask defect 
detection fit into the overall process.  

Process simulation The top left block of Fig. 2 
contains the process simulation and photomask de-
sign, where the parameter values and the mask 
pattern, and their tolerances, are derived from the 
wafer pattern specifications (the positions and siz-
es, and their tolerances, of the wafer features).  All 
of the components in this block are carried out in 
software.

The photomask pattern is derived from the wafer 
specifications as usual, and this pattern (a data 
file), along with the relevant projection parame-
ters, creates the simulated projected aerial image (a 
data file of the 3-dimensional distribution of opti-
cal intensity in the projected image) in the Projec-
tion tool simulation.  This aerial image, and the 
relevant exposure and photoresist parameters, cre-
ate the simulated wafer features in the Wafer resist 
and etch simulation.  These simulated features can 
now be compared with the wafer specifications in 
Mask pattern verification; if the differences are 
within the specified tolerances, then this mask pat-
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from the aerial image emulation tool 
lens aberrations, and neither can be 
changed.  One way to handle this is 
to compare the unaberrated simulat-
ed and emulated aerial images or the 
unaberrated simulated and emulated 
wafer features, by mathematically 
removing the projection lens aberra-
tion corrections from the emulate 
mask image.  The mask inspection 
microscope aberrations can also be 
removed if they are known.

Photomask defects  In addition to 
optimizing the entire lithography 
process in a logical and comprehen-
sive way, neolithography also pro-
vides an accurate way to classify 
mask defects and repairs according 
to their printability.  If a mask defect 
does not push a wafer feature out of 
tolerance, the defect is by definition 
not printable.6-8

Defects uncovered in Mask Verification or in De-
fect inspection are examined in the Defect inspec-
tion/classification/repair block, where traditional 
high resolution defect inspection can supplement 
the aerial image data.  The real mask aerial image 
creates emulated wafer features in the Wafer resist 
and etch emulation block (identical to the same 
block above in the Process simulation, except here 
the input data are the real emulated aerial image 
data instead of the simulated image data).  The em-
ulated wafer features at the defect site are com-
pared with the wafer feature specifications; if the 
emulated wafer features are not out of tolerance, 
the defect need not be repaired.  Otherwise, the re-
pair is made and the site re-examined to confirm 
that the features are now in tolerance.

The Final mask verification block compares the 
emulated wafer features with the wafer feature 
specifications.  Net MEEF effects will be revealed 
here.  While the MEEF 9-13 is primarily an optical 
diffraction effect, it may also be influenced by re-
sist develop and wafer etch proximity effects.  If 

through simulation (the Initial mask verification 
block), revealing the effects of any mask errors and 
defects, and comparing these effects with the aerial 
image tolerances.  Those errors causing out-of-
tolerance regions in the image can then be classi-
fied as to their causes, and corrected if necessary 
before a new mask is made.  Some of the mask 
properties revealed in emulated aerial image in-
spection are listed in Table II.

Notice how the projection magnification, wave-
length, NA, coherence, exposure dose, defocus, 
and resist parameters couple the simulation and 
mask fabrication blocks.  The mask is an integral 
part of the process and cannot be designed or tested 
in isolation from the rest of the lithography process.

Lens aberrations  Both the projection lens and the 
aerial image emulation optical system have aber-
rations, and the mask pattern can compensate for 
known projection lens aberrations.  These can be 
properly accounted for in the simulation, but they 
are difficult to emulate in mask verification be-
cause the projection lens aberrations are different 

Table II
Mask parameters uncovered in exposure emulation

Mask pattern
 errors

Chrome 
effects

Phase shifter
 errors

Mask 
substrate 

effects
Mask defects

CD errors

feature 
placement 
errors

OPC errors

residual 
optical 
proximity 
effects

mean-to-
target errors

across-plate 
variations

plate-to-plate 
variations

edge runout

edge 
roughness

transmission 
at exposure 
wavelength

phase shift at 
exposure 
wavelength

other 
subresolution 
features and 
artifacts

dimensions

placement

phase shift at 
exposure 
wavelength

image shift 
from phase 
errors

transmission 
at exposure 
wavelength

substrate 
flatness

mask support 
effects

tilt of "plane of
 best focus" 
relative to 
substrate

defect 
printability

defect 
proximity 
effects

success of 
defect repair
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the photomask scattering matrix can couple direct-
ly into the aerial image-forming projection optics 
simulation, and that aerial image output will link 
directly into the resist exposure simulation, even if 
these tools use different mathematical techniques 
or are obtained from different companies.

Any company or organization with an interest in 
this subject is welcome to join.

This consortium is a high leverage project.  The 
cost is low, and the reflexive effect of applying 
computers to help build better computers com-
pounds the already substantial benefit of logical 
and comprehensive microlithography process 
optimization.  Someday all of the successful IC 
fabrication establishments will incorporate neo-
lithography; the most successful will be those who 
incorporate it first.  We can make that day come 
sooner.
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