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Enabling EUV Resist Research at the 1x and Smaller Regime
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With the slipping of the insertion node for extreme ultraviolet lithography, demands
on resist resolution have increased further stressing sensitivity requirements. A variety
of resists, both chemically amplified and not, have been developed meeting resolution
needs, but falling short on sensitivity and line-width roughness (LWR). Note that
resolution is an absolute mandatory requirement, the true tradeoff that must be
considered is between sensitivity and contact hole printing is a crucial application for
extreme ultraviolet lithography and is particularly challenged by resist sensitivity due
to inherent inefficiencies in darkfield contact printing. Checkerboard strong phase shift
masks have the potential to alleviate this problem through a 4x increase in optical
efficiency. The feasibility of this method is demonstrated using the
SEMATECH-Berkeley Microfield Exposure Tool pseudo phase shift mask
configuration and preliminary results are provided on the fabrication of an etched
multilayer checkerboard phase shift mask.
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1. Introduction

With the slipping of the insertion node for
extreme ultraviolet (EUV) lithography,
demands on EUV resist resolution have
increased  further  stressing  sensitivity
requirements. A variety of resists, both
chemically amplified and not, have been
developed meeting resolution needs, but
falling short on sensitivity and line-width
roughness (LWR). Noting that resolution is an
absolute mandatory requirement for EUV
resists and cannot be relaxed, the true tradeoff
that must be considered is between sensitivity
and LWR. In this manuscript we present the
concept of dose-to-requirement (DTR) which
estimates the intrinsic sensitivity limit of the
material. We then use this concept to look at a
variety of resists.

Given the extreme pressures on resist
sensitivity and the fact that contact-hole
printing is expected to be the primary early
application of EUV lithography, we continue

2015
2015

Received August 3,
Accepted October 12,

our exploration of ultrahigh efficiency
checkerboard phase shift masks [1,2]. In this
manuscript we describe the fabrication of a
checkerboard phase shift mask, and present
both characterization and imaging throughput
results using an EUV aerial image microscope
demonstrating throughput gains of greater
than 4x.

2. Dose-to-requirement (DTR)

Given the inflexible requirement for
resolution in the resolution-LRW-sensitivity
(RLS) tradeoff [3], the only practical terms
available to trade off are LWR and sensitivity.
This more limited tradeoff space can be better
represented by quantifying the intrinsic
sensitivity limit of the resist. The first step in
this process is estimating the photon-limited
LWR based on the measured sensitivity, resist
blur, and absorptivity. This LWR is then
compared to the target LWR to estimate the
sensitivity required in order to achieve the
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target LWR assuming fixed absorptivity and
blur. We refer to this sensitivity as DTR
which can be expressed as

DTR = Sm(Lp/L¢)? (1)

where Sy is the measured sensitivity, Ly is the
estimated photon LWR, and L, is the target
LWR. The expression in Eqg. [1] comes
directly from the theoretical expression of the
RLS tradeoff [3].

The resulting number is an estimate of the
best dose that could be achieved in the resist
while meeting the LWR requirements
assuming the material LWR terms [2] are
ignored. We should note that ignoring the
material term is certainly not a trivial
assumption given that in most cases the
estimated material LWR on its own remains
larger than the target LWR. That being said,
the material term is not directly affected by
dose and thus not considered in the DTR
expression as opposed to the strictly
measurement based Z-factor metric [4].

The process of estimating the
photon-limited LWR is achieved using the
stochastic Multivariate Poisson Propagation
Model (MPPM) [2,5-7]. Some of the key
variables in the model include the
absorptivity and sensitivity, which can both
be directly measured, and the deprotection
blur which is estimated based on the
correlation length of the measured LWR [2].

To demonstrate the efficacy of the MPPM
model, we compare the model-produced
deprotection point spread function (PSF) to
measured resist blur using the contact-hole
exposure latitude method [8] for a
commercial chemically amplified resist.
Figure 1 shows the model PSF which is
generated by seeding the model with an aerial
image comprised of light concentrated into a
single pixel which is on the order of 1-nm in
size. Characterization of the resulting PSF
yields a full-width-at-half-maximum width of
9 nm. We then compare this to the
contact-hole exposure latitude method results
(Fig. 2) which again yields an estimated blur
of 9 nm. So using LWR correlation length
characterization on line-space prints to
predict the deprotection blur term in the
model, we were able to accurately model the
exposure latitude performance of an

independent print of contact holes.
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Figure 1. Modeled deprotection PSF for an
example chemically amplified resist.
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Figure 2. Measured deprotection blur based on
independent contact hole patterning test.
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We further compare the MPPM predicted
50-nm line-space patterning results to the
experimental results based on sensitivity,
LWR, and exposure latitude. In this case the
model is configured to enable all the material
stochastic terms in addition to the photon
term and the results are shown in Fig. 3.

SEM Model
Parameter Experiment | Model
Dose to size | 41.3 mJ/cm? | 40.6 ml/cm?
Exp. Lat. 0.279 0.312
LER 28204 nm | 25£0.2nm

Figure 3. Direct comparison of modeled and
measured 50-nm lines space patterning results.

Next we use the MPPM model disabling all
stochastic terms except for photons to predict
the photon-limited LWR for six resist
achieving 16-nm half pitch resolution or
better, four chemically amplified (CA) and
two not (NCA). Table 1 shows a summary of
the results including the measured resolution
limit, measured sensitivity, extracted blur
based on measured LWR correlation length,
predicted photon limited LWR, and DTR
based on a target LWR of 1.2 nm. The target
LWR value is taken from the ITRS [9] for the
16-nm M1 half-pitch node in the year 2021.

The results show that for all CA resists, the
current absorptivity is expected to limit us to
a minimum dose of approximately 90 mJ/cm?
in order to achieve the target LWR of 1.2 nm.
For NCA resists, on the other hand, although
they are currently significantly slower than
CA resist, their current absorptivity yields an
expected dose limit down to 45 mJ/cm?. So
we see that key to progress in CA resists is to
increase absorptivity whereas key to progress
in NCA resists is to increase the amount of
chemistry done by each absorbed photon.

Table 1. Predicted photon limited LWR
performance and DTR for six resists with 16-nm
or better half-pitch resolution.

Resist | Resist | Resist | Resist | Resist | Resist
CA-A | CA-B | CA-C | NCA-A | CA-D | NCA-B
Resolution
(nm) 16 16 15 15 13 13
Sensitivity
(mJlem?) 30 20 22 80 35 a0
Blur (nm) 12 1 10 T 10 12
Photon
LWR (nm) 21 27 25 09 18 1.2
DTR
(mJ/cm?) 92 i 95 45 a8 60

For reference, in Table 2 we further show
the measured LWR and estimated material
LWR based on the quadrature subtraction of
the estimated photon LWR from the measured
LWR. In all cases except for the NCA-A resist,
we find the residual material LWR to
significantly exceed target specifications.
This indicates that significant progress is also
required on the materials stochastics.

Table 2. Measured LWR and estimated residual
material LWR based on quadrature subtraction of
estimated photon LWR.

Resist | Resist | Resist | Resist | Resist | Resist
CA-A | CA-B | CA-C | NCA-A | CA-D | NCAB

Resolution

(nm) 16 16 15 15 13 13

LWR (nm) | 3.1 4.8 3.8 15 as it

Photon

LWR (nm) 21 2.7 2.5 08 18 1.2
Material

LWR (nm) 2.3 40 2.9 1.2 29 2.9

3. High efficiency contact hole patterning

Contact hole patterning is expected to be
one of the first high volume applications for
EUV lithography and is a significant driver in
shot noise requirements. The fact that
conventional contact hole patterning typically
requires at least 2x the dose compared to
line-space patterning further exacerbates the
concern over shot noise limits and resist
sensitivity. The loss of efficiency relative to
line-space patterning, however, is not a resist
effect, but rather an optical effect.

As previously described, the contact
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efficiency problem can be mitigated by way
of mask design [1,2] with a checkerboard
phase shift design being the most effective.
Using such methods, simple thin mask
modeling predicts throughput gains on the
order of 4x compared to a conventional
darkfield contact hole mask. Further
considering 3D effects, actual throughput
gains are expected to be even higher.

Figure 4 shows the checkerboard phase
shift mask concept. The mask is comprised of
a checkboard pattern which when printed
yields a regular grid of contacts where the
printed CD further benefits from pitch
splitting in addition to the lithographic
demagnification.
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Figure 4. Phase only checkerboard design (left)
which prints (right) a pitch split square grid of
contacts.

The etched multilayer phase shift mask
fabrication process and preliminary
scatterometry characterization of a line-space
test mask has been described in the literature
[2]. Figure 5 shows a scanning electron
microscope image of contacts coded to print
as 32-nm half pitch on a 4 reduction system.

Figure 5. Scanning electron microscope image
from phase shift mask of contacts coded to print
as 32-nm half pitch on a 4% reduction system.

To facilitate development, the test phase
shift mask has been fabricated onto a wafer
instead of a conventional mask substrate.
Since this substrate significantly complicates
printing in the EUV microfield exposure tool
in Berkeley [10,11], initial patterning and
throughput characterization is performed
using the SHARP EUV microscope at
Berkeley [12] to mimic a 4Xx magnification
exposure tool with wafer side numerical
aperture of 0.33. Figure 6 shows a direct
comparison of 25-nm half pitch contact

imaging for the phase shift mask and
conventional mask with identical dose
conditions at the mask. The improved

efficiency is readily evident through the
observed difference in photon noise (pattern
variability).
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Figure 6. Direct imaging comparison in SHARP
microscope of checkerboard PSM and
conventional absorber masks for 25-nm contacts.

We quantify the throughput gain afforded
by the checkerboard PSM mask by plotting
the CD as a function of exposure level
(Figure 7). The results show a throughput
increase of 8X and an approximate 2X
reduction in horizontal wvertical bias.
Repeating the same measurements for 32-nm
contacts, we find a throughput increase of
4.6x and an approximate 1.5X reduction
horizontal vertical bias.

4. Summary

The concept of DTR has been introduced
showing that absorptivity is expected to limit
current CA resist to a minimum dose of
~90 mJ/cm? and current NCA resists to a
minimum dose of ~45 mJ/cm?. Also, in most
cases we find current resist LWR performance
to be limited by residual material terms as
opposed to absorbed photon limits.

We have also demonstrated the use of a
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checkerboard PSM for dramatic optical
efficiency optimization. Using this method,
we have shown throughput increases
compared to conventional absorber masks of
8X and 4.6X for contact half pitches of 25 nm
and 32 nm, respectively.
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Figure 7. Direct comparison of CD as a function
of exposure level for the checkerboard PSM and
conventional absorber masks on 25-nm contacts.
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