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for printing various 2-dimensional features. Of
these, line truncation and proximity effects may
limit the utility of image reversal for enhancing
resolution unless the mask can be suitably
compensated.
We modeled the image reversal process using
the PROLITH simulation tooF to understand the
observed enhancement mechanism. Modeling
results suggest that overexposures are necessary
to achieve resolution enhancement. Furthermore,
image reversal optical processes are fundamentally different than positive when partially
coherent light is used for the initial exposure.
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INTRODUCTION
Ammonia catalyzed image reversal has been
proposed as a general method to enhance the
lithographic performance of an exposure tool
without resorting to multilevel enhancement
schemes2.3.For example, Ziger and Reightler
modified a commercial image reversal process
and were able to resolve 0.625 J.LII1linear
features
with a 0.35NA lens4. Results from this study
showed that the thermal history during the
ammonia bake drastically affected both process
resolution and latitude. Furthermore, process
reproducibility is affected if the thermal history
varies from wafer to wafer and lot to lot. This
was attributed to varying extents of thermal
degradation of the photoactive compound (pAC)
during the reversal bake which causes developing

ABSTRACT
A rapid ammonia catalyzed image reversal
process has been developed using active kinetic
control with a throughput of 50 wafers in 15
minutes. Lithographic characterization of this
process demonstrate that 0.5 IJ.11llinesand
spaces can be consistently resolved using a g-line
stepper equipped with a 0.42 NA lens. However,
the characterization also underlined deficiencies
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nonuniformities. Ziger and Reightler suggested
that insuring thermal history uniformity from
wafer to wafer and batch to batch is critical to
reproduce the image reversal process. Furthermore, Ziger and Wolk suggested that thermal
processing of resist materials should be kinetically controlled such that the extent of decomposition is maintained from batch to batch and
wafer to waferS.

effects caused by different substrates.

PROLITH Modeling
PROLITHI is a versatile modeling program
which has been used to study resist processes
such as the effects of prebaking6,standing
waves', contrast enhancemenfl, and postexposure
baking9. PROLITH modeling enabled us to
compare aerial images between standard processing and ~age reversal. Based on these comparisons we have poStulated an enhancement mechanism for image reversal based on optical phenomena.

APPROACH

Kinetic Control
Kinetic control of the image reversal process
requires knowledge of the reaction rates. To
simplify complicated solid state kinetics, we
assume that the unexposed resist thermally
decomposes slower than the reversal reaction in
the exposed regions. Consequently, maintaining
the same extent of decomposition assures
process reproducibility. Assuming first order
decomposition kinetics and an Arrhenius temperature dependence, Equation (1) can be used
to scale thermal processes such as image reversal:
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EXPERIMENTAL
A commercial STAR 2001 image reversal reactor
was modified to implement kinetic control. The
most significant changes were:
1. using anhydrous ammonia rather than
ammonium hydroxide for the amine vapor source
2. adding a cassette loader and unloader

3. mountingthermocouplereceptaclesin the
reactor
(1)

To use Equation (1), we must first measure or
estimate the Arrheniums activation energy, E a,
and pre-exponential factor A and measure the
temperature history during the process. Image
reversal is optimized over parameter space and
SEM results are correlated to the estimated extent
of reaction, crlco' Thereafter, the process is
terminated at the same extent of reaction. Figure
1 shows the general kinetic control process as
applied to the amine bake for ammonia catalyzed
image reversal.
Since the amine bake is controlled by the
measured thermal history, this method automatically compensates for run to run thermal variations, batch size differences and thermal loading

Figure 2 shows a picture of the apparatus designed to accomplish active kinetic control.
The ammonia source was switched to anhydrous ammonia for three reasons. First, anhydrous ammonia is a single component Since
ammonium hydroxide is a mixture of water and
ammonia, the vapor concentration can vary with
percentage of reservoir fill. If there is a small
leak in the source container, then the ammonia
concentration can vary from day to day. Secondly, ammonium hydroxide is potentially corrosive to metals such as aluminum raising reliability concerns. Finally, since anhydrous ammonia
is a compressed gas, process pressure can be
easily varied. However, the difficulty with
utilizing anhydrous ammonia is the hazard of
using NH3in the lithography room. To implement NH3and avoid the expense of piping from
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outside, the apparatus was equipped with a fully
vented lecture bottle cabinet.
Adding a cassette loader was important so that
wafers could be automatically removed after the
desired extent of reaction. In addition, thermocouple receptacles were mounted inside the
reactor to allow convenient temperature monitoring. These thermocouples were interfaced to a
HP-9816 computer via a HP-3497A data acquisition/control system. Extensive thermal monitoring was done to insure adequate temperature
history uniformity. Baffles were required to
optimize the thermal uniformity. Figure 3
illustrates the temperature profIle history of a
baffled 25 wafer cassette during an image
reversal run.
Aside from the amine bake, commercial
equipment was used for all other steps required
for ammonia catalyzed image reversal. Initial
exposures were done on a Nikon NSR1505G45A3 0.42NA, g-line stepper. Resist films
were spun and prebaked using GCA Wafertrac
equipment. For this study, resist films were 1.4
j.UIlof Hunt 204. Flood exposures were done on
a Suss MA-56 broad band proximity printer.
Immersion developing was done using 1:1 LSI
developer.
LITHOGRAPmC

RESULTS

Process Optimization
Statistically designed experiments were used to
first optimize and then characterize the lithographic performance of the batch ammonia
catalyzed image reversal process. Desired
attributes of this process were:
1. Rapid ammonia bake

2. Minimumresolutionat relativelylow
overexposures

Using active kinetic control, the total ammonia
bake time was decreased to about 18 minutes! 50
wafer batch. This is 2-10 times faster than prior
ammonia bake times for batch processing.
Active kinetic control was critical towards
decreasing process bake time since wafer temperature and estimated kinetics are constantly
monitored. Consequently, higher oven temperatures could be used.
Relatively low exposure doses were desired for
this process to minimize any stepper throughput
loss. However, it was not possible to resolve 0.5
j.UIlfeanues without using an exposure dose of at
least 1 second. Consequently, we were not able
to achieve minimum resolution (0.5 j.UIl)without
resorting to exposure energies about 5-6 times
standard exposures.
Figure 4 shows SEM results of 0.5 j.UIlpacked
lines and spaces resolved using a 0.42 NA, g-line
stepper under conditions which provided the best
linearity for mask size versus feature size (Figure
5). The depth of focus for resolving these 0.5 JlIIl
lines was about ::1:.0.75
j.UIl.
Proximity Effects
In this Study,it was desired to quantify various
proximity effects such as the measured differences between packed and isolated lines for the
same mask feanue size and truncation effects. It
was seen that the processing conditions strongly
affected these proximity affects. However, under
the best conditions, the linewidths discrepancy
between packed and isolated feanues was not
significant above 0.6 JlIIl(see Figure 4). However, at 0.5 j.UIl,this difference was 20% of the
nominallinewidth.
Line truncation was a proximity effect which
was most dependent on the mask feature size.
Figure 6 shows data from 0.5-0.8 JlIIl. At 0.5
J.1.II1,
the average truncation was about the same as
the nominallinewidth.

3. Maximumdepthof focus
4. Verticlewallprofiles
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IMAGE REVERSAL MODELING

minimum resolution. To better understand these

High resolution optical lithography processes
primarily employ positive tone photoresists. It is
not obvious why reversing their tone through
image reversal should yield improved resolution.
However, a closer ex~minarion reveals that
negative photoresist processes may be fundamentally different from a positive process depending
on the nature of the imaging system.

differences, a simple model was used. First we
assume that the image reversal reaction is complete, that is, all carboxylic acid exposed initially
is converted to an insoluble species, mr Second,
we assume that no thermal degradation occurs
during the amine bake, and third, that the subsequent flood exposure exposes all remaining PAC.
Under these assumptions, the distribution of mr,
is related to PAC distribution from standard
processing by:

For incoherentlight, aerialimagesof lines and
spacesarecomplementary.That is, if the tone of
the maskis exactlyreversed,thenthe,resulting
aerialimagesfor these two maskswill be related
by:

[I?"!
(x) 10M

-- 1- [ Mg 10M.

(2)

(x)

where x is the relative horizontal distance.
Furthermore, the relative intensity always
exhibits an inflection point at the mask edge with
an intensity of 0.5. Thus, for incoherent illumination, there is no fundamental optical difference
between positive and negative tone photoresist
processes.
However, when partially coherent illumination
is used in the projection system, as is done in all
commercial projection tools. the complimentary
nature of lines and spaces no longer exists.
Shown in Figure 7 are aerial images of an array
of O.9 Jl1I1of equal lines and spaces for various
coherence factors. Note that the shape of the
aerial image for the partially coherent source is
significantly different under the clear area of the
mask than under the opaque area. Since the
behavior of a lithographic system is sttongly
dependent on the shape of the aerial image, a
negative process will behave differently from a
positive system for partially coherent imaging.
There are other differences between standard
positive processing and image reversal such as
the overexposures which are required to achieve

m,.(x.z)

= 1-m(x.z).

(3)

PROLrrH was used to generate m(x,z) which
could then be transformed into m,(x,Z). Shown
in Figure 8a are the calculated latent images for
1.0 J.I.II1linesand spaces for different exposure
energies. The exposure energy needed to properly define the features will depend on the
development properties of the resist. A typical
positive resist requires an exposure of about 150
mJ/cm2. Shown in Figure 8b are the reversed
latent images mr(x) corresponding to the PAC
distributions of Figure 8a and calculated using
Eq. (3). Again, the necessary exposure level will
depend on the development properties of the
reversed photoresist. We assume, for the sake of
comparison, that the development properties of
the reversed resist are equivalent to that of the
standard positive resist. Then the proper exposure for the image reversed resist should yield a
latent image which has the same PAC concentration near the mask edge as the standard processing. By examining Figure 8b, we see that an
initial exposure of 600 mJ/cm2 is required to
provide such a latent image. Thus, by assuming
similar development properties between the
standard and reversed photoresists, approximately a four-fold exposure increase is required
to accomplish image reversal for the same
resolution. This increase in exposure is due to
the practical constraint that typical photoresist
development properties put on the magnitude of
the latent image.
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Although the magnitudes at the mask edge for
m(150 mJ/cm2) and mr(600 mJ/cm2) are equivalent, their gradients are not. In particular, am,Jdx
is significantly greater than am/dX at the mask
edge. 'Ibis increase is a direct result of the higher
exposure energy used for image reversal 1°. An
improved PAC gradient results in improved
process latitude. Thus, image reversal should
exhibit improved perfonnance due to the required higher exposure and the resulting improved latent image gradient at the mask edge.
The simple image reversal model of Equation
(3) has been incorporated into the PROLITH
simulation tool. The resulting image reversal
model can be compared to experimentallinewidth versus exposure data, as shown in Figure
9. As can be seen, experimental data can be
represented very well by this model.
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Figure 1. The kineticallycontrolledimagereversalprocess
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Figure 2. Photograph of the AT&T image reversal equipment developed to accomplish active kinetic
control.
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Figure 3. Measured temperature unifonnity during the ammonia bake process across a cassette

Figure 4. SEM photograph of 0.5 J.1IIllineand space features resolved with image reversal (0.42NA,
g-line initial exposure).
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LATENTIMAGEMODELING
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