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ABSTRACT

Multiple paths exists to provide lithography solutions pursuant to Moore’s Law for next 3-5 generations of
technology, yet each of those paths inevitably leads to solutions eventually requiring patterning at k1 < 0.30
and below. In this article, we explore double exposure single development lithography for k1 ≥ 0.25 (using
conventional resist) and k1 < 0.25 (using new out-of-sight out-of-mind materials). For the case of k1 ≥ 0.25, we
propose a novel double exposure inverse lithography technique (ILT) to split the pattern. Our algorithm is based
on our earlier proposed single exposure ILT framework, and works by decomposing the aerial image (instead of
the target pattern) into two parts. It also resolves the phase conflicts automatically as part of the decomposition,
and the combined aerial image obtained using the estimated masks has a superior contrast.

For the case of k1 < 0.25, we focus on analyzing the use of various dual patterning techniques enabled by the
use of hypothetic materials with properties that allow for the violation of the linear superposition of intensities
from the two exposures. We investigate the possible use of two materials: contrast enhancement layer (CEL) and
two-photon absorption resists. We propose a mathematical model for CEL, define its characteristic properties,
and derive fundamental bounds on the improvement in image log-slope. Simulation results demonstrate that
double exposure single development lithography using CEL enables printing 80nm gratings using dry lithography.
We also combine ILT, CEL, and DEL to synthesize 2-D patterns with k1 = 0.185. Finally, we discuss the viability
of two-photon absorption resists for double exposure lithography.
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1. INTRODUCTION AND BACKGROUND

Double exposure lithography is considered an important road-map enabler for 32nm and smaller nodes. Double
exposure can be broadly classified into two categories depending on the number of times the resist is developed.
In the single development case, two (same or different) masks and two (same or different) illumination settings
are used in order to print the desired circuit pattern. If a conventional resist is used, the final aerial image is
the linear super-position of the two individual exposures. Hence, the minimum resolvable pitch is the same as
single-exposure, i.e., minimum kpitch = 0.5 and

Min Pitch = 0.5
λ

NA
. (1)

The above technique is known to give superior contrast for low k1 values and finds applications such as trim mask
with alternating phase shift masks (PSM),5 double dipole lithography, IDEAL (Innovative Double Exposure by
Advanced Lithography),7 etc.

The double development case (also referred to as dual patterning) requires an additional resist development,
etching, and coating steps in between the two exposures.4, 8 The concept behind multiple exposure/develop
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techniques is that the fundamental single-exposure limit given in (1) is not on the individual feature size (CD),
but on the pattern pitch.1 Using non-linearities in the pattern transfer process, CDs can be much smaller
than the half of the smallest allowed pitch. Dual patterning uses the above concept by patterning features at
dimensions close to 1/4 of the minimal pitch allowed by constrains of imaging system, and stores the information
from the first exposure in a hard mask (or other sacrificial layer). The second exposure is then carried out
with similar feature size target and appropriate shift and again preserved in sacrificial layer, thereby doubling
the frequency of each exposed features present on each of the masks. The minimum pitch resolution for dual
patterning is 0.25 λ

NA
. It was demonstrated that dual patterning allows one to reach patterning with effective k1

as low as 0.16.12

However, additional processing steps related to preserving image of the first exposure in sacrificial layer
(such as need to load and unload wafer twice from the exposure tool), carry additional overlay and dimensional
control (CD) penalty. Furthermore, the extra processing steps such as second develop, hard-mask deposition,
and etch steps might result in additional yield liability as well as increased wafer cost. There is strong incentive
to identify techniques capable to support patterning with two masks containing split design information, yet
capable of producing combined final latent image in resist without unloading the wafer off the exposure tool
chunk. We thus need only one single exposure to produce image ready for pitch doubling, thereby avoiding the
need for sacrificial layer, the follow-up processing steps, and their corresponding yield liabilities.

In this article, we exclusively focus on double exposure single development lithography (hence referred to as
DEL). The paper considers two cases of DEL. The first case employs DEL to pattern with high contrast logic
pattern at low k1 values between 0.25 and 0.35 with conventional type resist. DEL involves decomposing the
pattern into two parts. Such decompositions are typically carried out using rule-based techniques or using H and
V decomposition. In the latter case, the horizontal features of the pattern are printed during the first exposure
using a Y-dipole illumination. The above illumination suppresses the features along the vertical direction. The
second exposure uses a X-dipole illumination and accounts for the vertical features. The above decomposition
needs to be performed along with model-based OPC to guarantee that the corners and junctions are accurately
reproduced.2 In this paper, we propose a novel inverse lithography (ILT) based approach for (input) mask
design. The key feature of DEL-ILT is that it acts by decomposing the (gray level) aerial image and not the
(binary) target pattern into two parts. The final aerial image has high contrast and uniform intensity in all
the regions. We present discussion on chromeless phase-shift (CPL) mask design for coherent imaging systems.
However, the framework can be extended to OPC, EPSM, and AltPSM, as well as to partially coherent imaging
systems, without significant negative impact on computational efficiency or loss of framework generality.

The second case is an ambitious paradigm of DEL for k1 < 0.25. Considering the single development scenario,
the only way this is possible is by using new out-of-sight out-of-mind (OSOM) materials with properties that
allow non-linear combination of the two aerial images obtained from the individual exposures. We have identified
two potential candidates with regard to above which are discussed in this article. The first one is called CEL
(contrast enhancement layer) which was originally proposed in 1980s in an effort to improve the resist profiles
for single exposure lithography.10, 11 We propose a mathematical model for CEL and suggest key properties
and parameters which will make such material conducive to DEL use below k1 < 0.25. We also compare
the performance of the proposed phenomenological model for CEL DEL material with characteristics of novel
bleachable material kindly provided by Pixelligent Inc. We then explain the working of CEL for 80nm grating
using dry lithography with kpitch = 0.34, and the trade-offs involved for achieving high image-log-slope of the
transmitted dose. Finally, we extend the ILT framework in order to synthesize 2D patterns with k1 < 0.25 using
CEL for DEL. The second OSOM material is two-photon absorption resist which responds to the square of the
intensity of the aerial image. We discuss its suitability for DEL (1D case) and the major shortcoming which
makes it practically infeasible.

In Section 2 we introduce a novel DEL ILT algorithm for k1 ≥ 0.25. The proposed CEL model and its usage
for the 1-D case are presented in Section 3. In Section 4 we present three potential ways to improve the ILS
using CEL. DEL, CEL, and ILT are combined together to enable 2-D patterning for k1 < 0.25 in Section 5, and
the two-photon absorption resist is discussed in Section 6. Finally, we provide conclusive remarks in Section 7.



2. DOUBLE EXPOSURE INVERSE LITHOGRAPHY FOR K1 ≥ 0.25

In this section we use DEL with conventional photo-resist, and discuss the ILT framework for automatic pattern
decomposition and mask design.

2.1. Inverse Lithography Technology

Our DEL-ILT algorithm is built on the previously proposed single exposure ILT framework. In what follows, we
provide a brief overview of inverse lithography technology.

Inverse lithography attempts to synthesize the mask (input) which leads to the desired wafer pattern (output)
by inverting the forward model from mask to wafer.21, 22 The mask (m) synthesis problem is defined as an
optimization problem where the cost function is defined as the L2 norm of the distance between the target
pattern (z∗) and the output (z). The latter can be modeled as the aerial image, the resist contour, or the
etched contour depending on the correction goal. Authors have already established an ILT framework that
maximizes aerial image contrast and/or reduces deviation of modeled resist contours from target locations.19, 20

Our technique is based on continuous function formulation and employs first-order gradient based optimization
routines to estimate the mask. The gradient information enables systematic exploration of the solution space
instead of the previously employed discrete domain,9, 23 random perturbation,13 and evolutionary algorithm3

based techniques. We also make use of the regularization framework to control the tone and complexity of the
estimated masks ∗. The computational complexity of our algorithm is O(MN log(MN)) for an M ×N sampled
pattern.

2.2. DEL-ILT
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Figure 1. Forward Model and ILT for Double Exposure Lithography Systems

Fig. 1 illustrates the forward model as well as the inverse mask design problem for DEL. The input masks a
and b are exposed using same or different imaging settings. The exposure energies are added in the resist which is
finally developed to obtain the contours. The ILT routine starts with the target pattern z∗ and aims to estimate
both the input masks â and b̂. To keep things simple, we are currently restricting ourselves to estimating resist
contours through simple aerial image thresholding, thus implying resist with very high contrast and neglecting
other resist effects. Furthermore, we assume that both exposures employ the same imaging conditions (fully
coherent with σ = 0). Under the above assumptions, the forward model can be defined as,

z = |Ha|2 + |Hb|2, (2)

∗For a detailed explanation on the need and procedure of the regularization framework for ILT, please refer to the
literature18–20



where H represents a jinc function with cutoff frequency NA/λ. The mask synthesis problem can be formulated
as minimizing the L2 norm of the difference between the desired pattern z∗ and the aerial image z defined in (2),

[â, b̂] = argmin
a,b

F (a,b) = arg min
a,b

||z∗ − |Ha|2 − |Hb|2||22. (3)

In order to allow for solutions permitting use of phase shifting masks, the above optimization problem is subject
to bound constraints

−1 ≤ aj ≤ 1 and − 1 ≤ bj ≤ 1 for j = 1, . . . , MN . (4)

Furthermore, the tone of the estimated masks can be controlled by employing the regularization framework
and using a quadratic penalty term. A detailed discussion on double exposure ILT can be found in the literature.17

We calculate the gradient of (3) with respect to a and b and update the masks in a cyclic coordinate fashion as
follows:

ak+1 = ak − s1∇aF1(a
k,bk) (5)

bk+1 = bk − s2∇bF1(a
k+1,bk) (6)

2.3. Results

We now discuss some simulation results obtained using the proposed DEL-ILT algorithm.
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Figure 2. Top row illustrates the estimated CPL masks (black=-1 and white=+1) and the (binary) target pattern
consisting of 60nm features. The pitch p=120nm is indicated by dotted lines in the figure. Bottom row indicates the
aerial images for the individual exposures and the combined aerial image. Here NA = 0.93 and k1 = 0.289.

Our first experiment is to print the complex pattern consisting of 60nm features (as indicated in Fig. 2)
using 193/0.93NA dry lithography. The mask pixel size is 20nm in wafer dimensions (actual size 80nm for a
4X reduction system). The estimated CPL masks were obtained by optimizing (3) using the steepest-descent
algorithm discussed in Section 2.2. The aerial images calculated using the estimated masks are illustrated in the
bottom row in Fig. 2, and indicate very interesting pattern decomposition. The DEL-ILT algorithm splits the
aerial image into two (overlapping) parts, each suitable for printing by the individual exposure. In the process
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Figure 3. Top row illustrates the estimated CPL masks and the target pattern consisting of 80:320 vertical grating
interlaced with 80nm wide horizontal features. Bottom row indicates the aerial images for the individual exposures and
the combined aerial image. Here NA = 0.85 and k1 = 0.35.

it automatically resolves all the possible phase-conflicts. The combined aerial image has very good quality and
closely resembles the target pattern.

In the next experiment, our goal is to print the target illustrated in Fig. 3 consisting of 80:320 vertical
gratings (thin lines in between large spaces). Here the pixel-size is 20nm, NA = 0.85, radiation wavelength =
193nm with corresponding k1 = 0.35 for smallest pattern pitch. The target also consists of a 80nm horizontally
sandwiched space thereby making whole layout a challenging patterning problem. The estimated CPL masks
obtained using DEL-ILT along with their corresponding aerial images are illustrated in Fig. 3. We again observe
an unconventional pattern decomposition, but the combined aerial image has very good contrast. In particular,
note that there is a very well-defined separation (dark-area) between the horizontal space and grating line-ends;
something very challenging to obtain using conventional H-V decomposition.

In conclusion, the DEL-ILT framework leads to un-intuitive but highly effective pattern decompositions.
Unlike the commonly employed paradigm of splitting the (binary) target pattern, DEL-ILT aims to decompose
the (gray-level) aerial image. We also note that mask design for DEL is an ill-posed problem. Therefore, the
pattern decompositions illustrated in Fig. 2 and Fig. 3 are not necessarily unique. In general there may be
multiple ways of splitting the patterns for double exposure. The preferred decomposition can be arrived at using
the regularization framework. For example, a critical requirement for DEL is the robustness to mask-alignment
errors. The above can be incorporated as a regularization function in order to obtain DEL masks which are also
tolerant to misalignment. This forms an important direction of future research.

3. DEL USING CONTRAST ENHANCEMENT LAYER (CEL) FOR K1 < 0.25

We now move on to the case of k1 < 0.25 and discuss CEL as a potential technology enabler for the above
case. Contrast enhancement layer (CEL) is a photo-bleachable film which is coated on top of the conventional
photo-resist. It was studied in the 1980s in order to improve the sidewall angle of single exposure lithography
process.6, 10, 11, 15 The CEL film is initially unbleached with (ideally) zero or very low transmittance for small
dose values. As the incident dose increases, the film starts undergoing bleaching action and the transmittance
increases. The bleaching rate is related to the incident energy. The transmittance of an ideal fully bleached CEL



film is equal to one. Thus, the film which was initially opaque to the exposure wavelength, becomes transparent
upon exposure. When the aerial image is incident on the CEL, higher intensity regions bleach faster compared
to lower intensity ones. This non-linear transformation of the incident aerial image leads to a higher contrast of
the dose received by the resist. During the exposure, the unbleached portion of the CEL will act as a portable
conformable mask. Finally, we want to point out that our current model takes a simplified view and ignores the
reflections from the substrate.

3.1. Modeling

The (non-ideal) bleaching behavior of the CEL is similar to a soft-threshold operation. Therefore, the CEL film
transmittance T (Di) can be modeled as a sigmoid function as follows,

T (Di) = sig(Di, a, tc, c) =
1

1 + e−acDi+atc

, (7)

where Di is the incident dose, parameter c is inversely related to the thickness, a is related to the slope of the
transition region, and tc is the threshold dose parameter of the sigmoid. Fig. 4 indicates the behavior of a typical
sigmoid function with a = 60, tc = 0.15, and varying values of c. As discussed earlier, the transmittance is low
for small values of incident dose. As the input dose builds up, the film starts bleaching and its transmittance
increases (T (Di) = 0.5 for Di = tc/c). Fig. 4 also indicates the effect of the film thickness c on the film
transmittance. A thin CEL film bleaches quickly compared to a thicker one, and hence has a steeper transition
region. Furthermore, a thick CEL film also requires higher dose values to become fully transmissive.
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Figure 4. CEL film transmittance for different film
thickness.
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Figure 5. Transmitted dose (Dt) versus input dose
Di for different film thickness.

The final transmitted dose Dt{Di} (henceforth referred to as simply Dt), is obtained by integrating the
transmittance as the incident dose builds up from 0 to Di.

Dt =

∫ Di

0

T (Di)dDi =

∫ Di

0

1

1 + e−acDi+atc

dDi

Therefore,

Dt = Di −
tc
c

+
1

ac
log

[
1 + e(−acDi+atc)

]
(8)

Fig. 5 indicates that the graph of transmitted dose versus incident dose consists of three regions. For low
doses (unbleached film), the incident dose is absorbed by the CEL film and Dt is very low. When Di increases,
the film starts bleaching and there is a non-linear increase in the transmitted energy. Finally, the CEL film gets
fully bleached after which the transmitted dose increases linearly. As one would expect, the above regions also
depend on the thickness of the CEL film. Thinner CEL films enter the linear region earlier compared to the
thicker ones.



3.2. Working of CEL

We now discuss the working of CEL for the simple example of 1-D gratings. The target consists of 80nm (1:1)
grating which needs to be printed using 193/0.85NA (kpitch = 0.35). The first step is to divide the target into two
160nm pitch gratings which can be printed using single exposure CPL masks (with pitch = 320nm). Note that
the second exposure consists of simply shifting the mask by 80nm. The leftmost plot in Fig. 6 indicates the aerial
image and the transmitted CEL image (calculated using (8)), both for the first exposure. The CEL transmitted
dose is absorbed by the photoresist and stored in the form of PAC (photo-active compound) concentration.
The center plot indicates the aerial image and the CEL dose for the second exposure. It is very important to
highlight here that in order to support DEL, the CEL considered should have reversible bleaching property. In
other words after the first exposure is completed, the entire CEL film returns back to its original (opaque) state.
If the CEL were not reversible, the regions previously exposed would remain bleached and as such have different
transmittance values than those indicated in Fig. 4. Development of the above material is central to the use of
CEL for double exposure. Such materials are not just hypothetical as is evidenced by class of reversible CEL
(Arsel TM) under development by Pixelligent Inc.

The total dose absorbed by the resist is a superposition of the two CEL transmitted doses. The rightmost
graph in Fig. 6 indicates that the combined transmitted CEL dose (assuming the reversibility property) shows
good modulation. An intuitive explanation is that the CEL suppresses the aerial image energy in the unwanted
regions owing to the soft-thresholding action. This has the effect of truncating the tail of the optical PSF (making
it narrower), and resulting in less energy being deposited in the areas targeted by the second exposure. Fig. 6
also indicates the aerial image in the absence of CEL layer (just for demonstration purpose). Since kpitch < 0.5,
no useful modulation is observed.
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Figure 6. The left and center figures indicate the aerial images and the CEL images for the two individual exposures. The
figure on the right indicates the combined aerial image (showing no modulation) and the combined CEL image (showing
good modulation). In this case a = 30, tc = 0.15, and c = 0.45.

The image log-slope (ILS) calculated at the desired edge location (CD = 40nm) for the incoming aerial image
(Di) and the CEL image (Dt) are 0.016 and 0.032 respectively. Thus the CEL also improves the aerial image
contrast which was indeed one of the earliest applications of CEL.14 Finally, we also observe that the transmitted
CEL doses have lower magnitude compared to the incoming (aerial image) dose. We discuss this in more detail
in the next section.

4. IMPROVING ILS OF THE CEL IMAGE

Our goal now is to improve the robustness of the double exposure CEL-based lithography system. This will also
enable us to understand the fundamental trade-offs involved in designing a CEL-DEL system. We have identified
three potential ways to improve the operating ILS at the desired edge location which are discussed below. The
experimental setup employed here is the same as in Section 3.



4.1. CEL Film Thickness

The effect of the CEL film thickness parameter c on the film transmittance and the transmitted dose were
illustrated earlier in Fig. 4 and Fig. 5 respectively. Fig. 7 illustrates the effect of c on the transmitted dose
modulation assuming a fixed value of the incoming (aerial image) dose modulation Di. The remaining simulation
parameters are fixed (a = 30, tc = 0.15), and c was varied from 0.8 to 0.2. We observe that as the CEL film
becomes thicker, the magnitude of the transmitted dose modulation decreases. Therefore, in order to obtain
40nm CD, the photo-resist threshold tr should be equal to 0.48, 0.36, and 0.076 for c = 0.8, 0.5, and 0.2
respectively. The ILS value for the corresponding tr values is 0.022, 0.03, and 0.054. To summarize, the ILS
can be improved by using a thicker CEL film. However, patterning the above image also requires very sensitive
(high-acid generating) resists, having very low tr value.
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Figure 7. Effect of CEL film thickness assuming fixed Di.

4.2. Incoming Dose Magnification

The second mode of operation is to use the same photoresist (fixed value of tr), and magnify the incoming dose
by a factor p. The CEL film thickness c also needs to be adjusted in order to match Dt with the target CD at
the chosen threshold value tr. Fig. 8 illustrates the original aerial image (Di) and the transmitted CEL doses
for four different values of p assuming a resist with operating threshold tr = 0.33. The corresponding CEL
thickness parameters are also indicated in the legend. We observe that as the dose magnification increases, the
transmitted CEL image quality improves. The ILS value corresponding to magnification factor k = 2, 3, 5, and 7
are 0.032, 0.047, 0.072, and 0.087 respectively. Thus we conclude that for a given resist, the ILS can be improved
by magnifying the incoming dose and using a thicker CEL film. Dose magnification can be realized in practice
using a more powerful light source or longer exposure times. A very high intensity light source endangers the
operating life of the (very expensive) lenses, and is a less preferable option. On the other hand, longer exposure
times lead to reduction in the overall yield. Hence, we are interested in finding out the maximum mileage (in
terms of ILS improvement) possible for a given magnification factor.

It can be proved16 that for a given value of p, the ILS of the transmitted dose is upper-bounded by p times
the ILS of the original incoming dose Di. In other words,

ILS(Dt(pDi)) <= p ∗ ILS(Di) (9)

The above equation is a fundamental relationship which will also be beneficial to evaluate the quality of the CEL
material. A good CEL material should be capable of improving the ILS by a full-factor p (particularly for large
values of p).



0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

x

D
t(p

D
i)

p = 2 (c = 0.45)
p = 3 (c = 0.225)
p = 5 (c = 0.112)
p = 7 (c = 0.073)
p = 1 (Aerial Image)

t
r
 = 0.33

Figure 8. Effect of dose magnification p on the CEL image using fixed resist with threshold (tr = 0.33). Here, a = 60
and tc = 0.15.

4.3. Quenchers

The third and final way to improve the ILS is motivated by the fact that the combined CEL image sits on top
of a background energy, as observed in Fig. 6. Note that ILS at the desired edge location is evaluated as

ILS(Dt) =
1

Dt

dDt

dx
.

Therefore a possible way to improve the ILS is by adding (base) quenchers to the photoresist. Quenchers are
alkaline-based chemicals which can be used to neutralize the extra PAC generated by the (undesired) background
energy present in Dt. The above process is equivalent to subtracting a constant q (q ≥ 0) from Dt thereby
effectively shifting the entire modulation curve (indicated in Fig. 6) down. The effect on ILS is as follows:

ILS(Dt − q) =
1

Dt − q

d(Dt − q)

dx
=

1

Dt − q

d(Dt)

dx
> ILS(Dt)

Thus the effective ILS is higher than before.

4.4. Matching with ArselTM

We now compare the behavior of the proposed CEL model with the measured data curves of ArselTM(under
development by Pixelligent Inc). Fig. 9 indicates the measured optical density (calculated as OD = log(Di/Dt))
as a function of input dose Di. The blue and red curves correspond to the measured OD when Di is increased
from 0 to maximum and decreased back to 0, respectively. The two curves will coincide if the CEL is completely
reversible. The graph on the left represents the OD calculated using the proposed model with parameters
ac = 1.6, tc = 2.5, and c = 0.3. Both graphs indicate a structurally similar behavior; a linear drop in the OD
(attributed to bleaching) followed by flattening at higher dose values (attributed to very high T (Di)).

5. CEL AND ILT FOR 2-D PATTERNS

In this section we demonstrate the applicability of CEL for printing 2-D patterns using DEL for k1 < 0.25. The
goal is to use ILT framework to synthesize CPL masks for printing the target pattern in Fig. 10 which consists
of 40nm features on an 80nm pitch using 193/0.9NA (k1 = 0.187). The target is sampled at 20nm implying that
the features are merely two 20nm pixels wide.

Firstly, we want to report that our DEL-ILT algorithm (with the integrated CEL model) did not converge
to an acceptable local minima for k1 < 0.25. Therefore, we were unable to perform the automatic pattern



Figure 9. OD versus Di for the proposed model (left) and the measured data using Arsel TM(right).

decomposition similar to one illustrated in Section 2. We suspect that this may be due to the local gradient-
based search technique used for optimization. The algorithm is unable to explore the more complicated search
space resulting from k1 < 0.25, and better initialization points may help solve the problem. However, this
remains a direction of future work.
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Figure 10. The target pattern consisting of 40nm features on 80 nm pitch and the (manually) decomposed patterns used
for individual exposures.

We therefore perform a rule-based pattern decomposition as illustrated in Fig. 10 and employ the single
exposure based ILT algorithm to synthesize the CPL masks. The augmented forward model also accounting for
the CEL is as follows:

z = F (G(p|Hm|2)), (10)

where the function G(.) represents the CEL transmittance function defined in (8). F (.) is a sigmoid function
which models the thresholding operation performed by the resist,20

F (y) = sig(y) =
1

1 + exp(−ary + artr)
.

Here ar and tr are the slope and threshold parameters of the resist respectively. Thus the forward model in (10)
accounts for the magnified incoming aerial image dose, the CEL transferred dose, as well as the resist contour
formation. The estimated mask m̂ is defined as one which minimizes the L2 norm of the difference between the
target contour z∗ and output contour z modeled using (10),

m̂ = arg min
m

C1(m) = arg min
m

||z∗ − z||22. (11)

The cost function in (11) is still continuous allowing the use of non-linear programming techniques for optimiza-
tion. We follow our earlier proposed approach,20 and employ the gradient-descent optimization algorithm to



minimize C1(m). The gradient can be calculated as follows:

∇C1(m) = −4arpH
T[(z∗ − z) � z � (1− z) � (Hm) � q], (12)

where

q =
1

1 + exp(−accp|Hm|2 + actc)
.

Fig. 11 illustrates the results obtained using the CEL-ILT algorithm discussed above. The top row indicates
the estimated CPL mask (white = 1 and black = -1), the aerial image, and the CEL image for a single exposure.
The simulations parameters were: ac = 60, tc = 0.15, c = 0.2, p = 4, ar = 60, tr = 0.3. We observe that although
the aerial image is very poor, the CEL transmitted image (Dt) has much better contrast, and closely resembles
the target. This is because our ILT algorithm is aware of the presence of CEL, and estimates the masks taking
its action into account. By the end of the first exposure, the CEL transmitted dose is completely absorbed by the
photoresist, where it is stored in the form of PAC concentration. The second exposure is performed by simply
shifting the mask horizontally by 320nm (see Fig. 10). The bottom row in Fig. 11 indicates that the combined
aerial image (the dose received by the resist in the absence of CEL) has no useful modulation. This is expected
because kpitch < 0.5. However, the linear superposition of the two CEL images shows very good modulation,
which will enable patterning of the desired features. The contours at tr = 0.3 indeed indicate good pattern
fidelity.
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Figure 11. The top row indicates the CEL-ILT results obtained by solving (11). The bottom row indicates the DEL
results where the second exposure was performed by shifting the mask by 240nm.

6. TWO-PHOTON ABSORPTION RESIST

The second OSOM material candidate for k1 < 0.25 DEL is two-photon absorption resist. They have been
well-known to double the resolution of optical lithography, and were actively explored by Yablonovitch, et al.24
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Figure 12. The intensity and square of intensity modulation curves corresponding to the conventional and 2-photon
absorption resists respectively.

The left graph in Fig. 12 illustrates the aerial image intensity obtained using an interferometric arrangement
with 2-coherent beams incident at ±θ. Therefore, I(x) = 1 + cos(Kx) where K = 2k sin θ. For the case of two-
photon absorption, the resist responds to the square of the intensity. Thus I2(x) = 3/2+2 cos(Kx)+1/2cos2Kx,
which consists of superposition of both the single and double-frequency components. As observed in Fig. 12, the
above mixture merely enables patterning at the same resolution as single-photon absorption (although with a
better contrast). Therefore, we need to get rid of the linear frequency component in order to enable frequency
doubling, and allow kpitch < 0.5. Yablonovitch, et al24 proposed a new (single) exposure arrangement which
destroys the stationary interference patterns corresponding to the linear frequency component, leaving behind
the double-frequency interference pattern on a background.

A alternative way to enable frequency doubling using 2-photon absorption resists is by employing DEL. In
the case of gratings, the second exposure should have an offset of half a period compared to the first. Therefore
the combined contribution from the two exposures is given as follows:

I2
1 (x) + I2

2 (x) = [1 + cos(Kx)]2 + [1 + cos(Kx + π)]2

= [1 + 2 cos(Kx) + cos2(Kx)] + [1 − cos(Kx)]2

= [1 + 2 cos(Kx) + cos2(Kx)] + [1 − 2 cos(Kx) + cos2(Kx)]

= 2 + 2 cos2(Kx)

= 3 + cos(2Kx)

We observe that by merely shifting and adding I2(x), the linear frequency component cancels out, leaving
behind only the double-frequency component with a DC background. Thus 2-photon absorption resists are
naturally suitable to DEL. Yet, we are not aware of materials with suitably large 2-photon absorption cross-
section value at wavelength of interest. As a result one would need very high power at the wafer plane to obtain
significant two-photon excitation rates with existing materials, making it practically possible, but economically
unsuitable for high volume manufacturing.

7. CONCLUSION AND FUTURE WORK

In this paper we discussed two different paradigms of double exposure single development lithography. For
k1 > 0.25, we discussed a new approach of using ILT to decompose the aerial image and simultaneously estimating
the two masks best suited for the purpose. The combined aerial image has very good contrast and will enable
patterning close to k1 = 0.25. For the case of k1 < 0.25, we identified CEL and two-photon absorption resists
as two potential candidates. We presented the mathematical model of a desirable reversible CEL material
(neglecting the reflections from the substrate) and discussed several ways of improving the aerial image slope. A
comparison with ArselTM(by Pixelligent Inc.) provided encouraging results. Reversibility of the CEL film was
identified as the key enabler for the success of DEL. We also presented simulation results for patterning 1-D and
2-D features using a combination of CEL, DEL, and ILT. For two-photon absorption resist, the biggest challenge
is the unavailability of a material with necessarily high cross-section for 2-photon absorption.



The proposed CEL model assumes 100% opacity and 100% transparency for unbleached and fully bleached
states respectively, which is impractical. The future work consists of refining the CEL model to incorporate the
practical transmittance values of the CEL film. We also hope to carry out physical experiments using CEL and
report the results in our future publications.
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