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ABSTRACT
Photomask is at the heart of a lithographic scanner’s optical path. It cannot be left non-optimized
from the imaging point of view. In this work we provide new insights on two critical aspects of
EUV mask architecture: optimization of absorber for 16 nm half-pitch imaging and a systematic
approach to black border EUV and DUV reflectance specifications.

Good 16 nm imaging is demonstrated on ASML NXE:3300 EUV scanner. Currently a relatively
high dose resist is used for imaging and the dose reduction is desired. Optimization (reduction)
of absorber height and mask CD bias can allow for up to 30% dose reduction without essential
contrast loss. Disadvantages of absorber height reduction are ~7 nm increase of best focus range
through pitch and tighter absorber height mean to target and uniformity requirements. A disadvan-
tage of a smaller reticle CD (down to 14 nm 1x) is manufacturing process uniformity over the reticle.

A systematic approach of black border reflections impact on imaging is established. The im- A A 00O
age border is a pattern free dark area surrounding the image field and preventing exposure of the

image field neighborhood on wafer. Currently accepted design of the black border on EUV reticle D
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Figure 1. 16 nm line/spaces (LS) imaging results, NXE:3300, Dipole 90 Y illumination.



EDITORIAL

EUV Defect Free, is actinic the
only solution?

Paul Morgan, Micron Technology Inc.

As we travel this difficult road we call EUV, we have been challenged with many
opportunities (engineer speak for problems that we can turn into features) that may
still be considered insurmountable. Of ALL of these challenges | see three primary
ones | call the EUV version of Cerberus; Source Power, Time, and Defectivity. All
three must be overcome for us to succeed. Leaving Time and Source Power to
other technology warriors, | can only address Defectivity as the focus of my efforts
and with that | propose the question “Is EUV the first reticle node to require actinic
patterned aerial Inspection?”

We are constantly reminded through the various symposia, seminars, panels,
papers, and peer discussions that we still have a long way to go to enable EUV. We
have defectivity sourced from blank manufacturing, process manufacturing, ship-
ping, handling, and even scanner operation all contributing to this challenge. Over-
coming these sources of defectivity may require unique, novel, and perhaps overly
complicated solutions (translation: expensive). The variety of these solutions may be
overwhelming but if we drill down to another level of the problem statement, a single
consideration may nullify many of these solutions; “Does a zero height multilayer
defect exist, and can the positional accuracy of actinic blank inspection allow for
the proposed repair strategies?” What is a zero height multi-layer defect and can it
exist? | believe it is any defect in the multilayer that does not change the shape of
the surface but modifies the illumination. I’'m not sure that is the clearest answer, but
this assumption drives current decision making.

Reticle inspection has been dominated by two strategies, High Resolution inspec-
tion and Aerial Inspection at both actinic (the wavelength the reticle will be used to
expose wafers on a wafer Scanner) and non-actinic wavelength. Each has its strengths
and weaknesses that may require subsequent processing that addresses the obvi-
ous question, does this defect cause a failure? Once we are aware of the defect we
can then apply a variety of repair strategies that can be validated through repeated
inspection or aerial review. With EUV we may have the same post detection strategy
as current reticle technology, repair and review, the aerial review being EUV actinic
(13.5nm.) The tooling to accomplish this will be available but given the nature of a
zero height multilayer defect and the potential positional inaccuracy of an actinic
blank inspection, current or proposed future non-actinic inspection strategies may
not be able to answer the question of defect performance because you will not even
be aware (of the defects existence) to ask it.

A challenge to this would be, what if we use wafer print as the final inspection for
an EUV reticle? This would provide all of the detail necessary to identify the defects
that “matter”. Afterward, the reticle could be repaired using proposed EUV repair
strategies and then the repair could be reviewed and the whole process would work!
Maybe, besides the timing and coordination involved, a few added complications
appear. Again we have the positional accuracy in the wafer inspection to where the
defect is in the reticle pattern (keep thinking zero height) may be insufficient and ad-
ditionally, how do you discriminate the post reticle manufacturing sourced defects. A
blocked contact is a blocked contact, unless you find the fall-on after the reticle has
been returned to the reticle manufacturer. Not wanting to provide additional support
for the EUV pellicle effort but we may not have a choice.

Getting back to the primary issue, can you detect the defects that matter in your
EUV process? If the defectivity is what we consider “normal” process related defects
or contamination, then the obvious answer is yes, but if the distribution and exposure
sensitivity of these multilayer defects is such that they do not change the topography
of the surface then high resolution or E-Beam inspection may be insufficient. Which
goes back to the original question, do we need actinic pattern inspection for EUV?
Each of us has either already answered that question, or needs to get going - and soon.
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Figure 2. Imaging performance of 16 nm LS through bias. (Left) Imaging dose to target reduces by 10% per 1 nm negative line CD bias. (Center)

LWR is stable through bias. (Right) Exposure latitude is stable through bias.
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Figure 3. (Left) 16 nm LS imaging simulation through AH, Dipole 90Y illumination, NXE:3300 settings. AH reduction from 70 nm to 54 nm allows for
13% dose gain with only 3% NILS reduction. (Right) Experimental results” of 22 nm imaging through pitch and AH on NXE:3300 with Dipole 90Y
illumination. AH reduction from 72 nm to 53 nm allows for 8% dose gain for dense lines.

is an image border where the absorber and multilayer stack are
etched down to the substrate and EUV reflectance is reduced to
<0.05%. DUV reflectance of such a black border is about 5%. It
is shown that a tighter DUV reflectance specification <1.5% is
required driven by the impact of DUV reflections from the black
border on imaging. NXE:3300 and NXE:3100 experimental imaging
results are shown. The need of low DUV wavelength reflectance
metrology (in the range 100-300 nm) is demonstrated using an
estimated NXE scanner out-of-band DUV spectrum. Promising
results of low DUV reflectance of the black border are shown.

1. Introduction
In this work we provide new insights on two critical aspects of
EUV mask architecture. In the first part optimization of absorber
for 16 nm half-pitch imaging is considered. The main goal is to
investigate potential imaging dose reduction by means of absorber
height (AH) and critical dimension (CD) bias reduction.

In the second part a systematic approach to black border (BB)
EUV and DUV reflectance specifications is explored based on
experimental results of DUV level measurements and imaging
results on NXE:3100 and NXE:3300 scanners.

2. Absorber Optimization for 16 nm Imaging

2.1. 16 nm imaging on NXE:3300

Good 16 nm line/spaces (LS) imaging results are demonstrated
on ASML NXE:3300 EUV scannertPIBIYl showing large process
window with exposure latitude above 14% and depth of focus
above 120 nm (Figure 1). Relative high dose resist is used with
imaging dose of about 55 mJ/cm?.?! Dose reduction is desired for
higher throughput. No special mask optimization was done so far
for the dose reduction: 70 nm AH mask was used and no line CD
bias was applied to imaging features.

2.2. Negative line CD bias allows for 20% dose gain
There is a general simple rule: the smaller the absorber volume
on the mask, the smaller the dose needed for the exposure. One

Table 1. ITRS (2013) requirements for AH control. 2013 2014 2015 2016 2017
Absorber film thickness uniformity (nm, 3 sigma) [P] 057 0.52 0.48 0.44 0.40
Attenuated PSM absorber thickness mean to target (£ %6 of target) [W] 1.4 14 14 14 14
Aftenuated PSM absorber thickness umformity (% of target, range) [X] 11 11 11 14 14
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Table 2. ITRS and ASML requirements for 70 and 53 nm absorber mask. Tighter requirements might be needed for 53 nm absorber mask.

Target AH Tonm | 53 nm 53inm
tight reqs

ITES Absorber film thickness (AH) uniformity in 2015 (nm, 3sigma) 0.438 0.48

ITRS Atlenualed PSM absorber thickness mean Lo target (= 1.4% ol targel, nm) 0,98 0.74

ITRS Attenuated PSM absorber thickness uniformity (=1.1% of target, nm, range) 0,77 0,58

ASML AH mean to targel (£ nm) 1.0 1.0 0.5

ASML AH variation (£ % of target, nm, 3sigma) 0.70 0.53 0.5

Table 3. AH data of five ASML imaging reticles. AFM data is measured on different patterns: HI (108 nm 4x horizontal isolated lines, pitch 616 nm), HD
(80 nm 4x horizontal dense lines, pitch 176 nm), VI (116 nm 4x vertical isolated lines, pitch 616 nm), VD (100 nm 4x vertical lines, pitch 300 nm).

Reticle A | Reticle B | Reticle C Reticle D | Reticle E
AH average.
0.5 70, 695 70, 70,
blank data [nm] 3 ’ : l
AH variation, blank data, range over 4 0.1 01 0.4 0.4
measurements [mm|
AH average, AFM data [nm] 72.2 (HI) . 722
& 7
72.3 (HD) T1.7T(HI) 2.0(VD (VD)
AH variation, AFM data, 3sigma, 13x7 gratings
o . = L 0.3 (HI)
within an image field, 5 locations within a 0.4 (HD) 0.4 (HI)
60x 160 um” grating and 6 scans averaging [nm| )
al variation, AFM data, 3sigma, 25

Jocations within 160x160 unt raing. 6 scans | 020 D 035 (HD

AHOT 0 um- grating, o sc 0.25 (VI) 0.67 (VI)
averaging [nm)
AH variation, AFM daia, 3sigma pooled, 2730 0.8 (HI) 0.9 (HI)
scans (HI), 9100 scans (HD), Myers removed [nm] | 0.7 (HD) )

eyl 1 ap e '3‘ -E_' . 3‘ atn )

Afl variation, AFM data, 3sigma, _1 x7 locations 0.9(VD) | 0.6 (VD)
within image field, 5 scans averaging [nm]

way to reduce the absorber volume is to apply negative line CD
bias on the mask. NXE:3300 results show dose reduction of 10%
per 1 nm (1x) reticle CD bias (Figure 2, Left). Contrast loss is not
expected if the negative bias is applied. In particular, no line width
roughness (LWR) increase or exposure latitude (EL) reduction is
observed if CD bias is reduced by 2 nm (Figure 2, Center, Right).
Dose gain of ~20% can be achieved if 14 nm (1x) reticle line CD
is used instead of 16 nm for 16 nm half-pitch (hp) imaging.

A challenge is to achieve a good CD uniformity (CDU) and ab-
sorber profile control for thinner lines. Current ASML requirement
for reticle CDU of 16 nm LS is 0.825 nm, 1x (3.3 nm, 4x) range
over the image field.

2.3. Absorber height reduction allows for 10% dose gain

AH reduction can also allow for dose reduction, but can potentially
result in contrast loss.FII7 Simulations for 16 nm dense lines show
that AH reduction from 70 nm to 54 nm allows for 13% dose gain
with only a small contrast loss: 3% NILS (normalized intensity
log-slope) (Figure 3, Left).

Simulation results sensitivity to details of absorber stack such as
absorber optical constants and stack composition™®l'2 does not
allow determining optimal absorber with a better accuracy than
+1 nm. Experimental verification of simulation results is required.

It is demonstrated experimentally!” that dose reduction of 8%
can be achieved for 22 nm dense lines if AH is reduced from 72

nm to 52-54 nm (Figure 3, Right). In that study, optimal AH is found
to be 52 nm for dense lines.

Based on the simulated and the experimental results, ~53 nm
AH can be recommended for 16 nm imaging (an average between
experimental and simulated optima). About 10% dose gain is ex-
pected as a result of AH reduction. Additional advantage of a thin
absorber is an improved aspect ratio of mask structures allowing
for further scaling.

There are several disadvantages of AH reduction such as tighter
AH control and increased best focus shifts. They are described in
subsequent sections.

2.4. Tight absorber height control is required

Tighter manufacturing AH control is required if AH is reduced.
Based on the simulations the AH control (mean to target and
variation) should be preferably within +1 nm with corresponding
NILS reduction up to 5%. This requirement should be compared
with ITRS and current practical AH requirements and with actual
performance.

ITRS (2013)1"% requirements for AH control are summarized in
Table 1. The first uniformity requirement is based on wafer CDU
impact (for 56 nm absorber mask); the other two are based on
phase shifting properties of EUV absorber.l"1

The ITRS requirements are expressed in nanometers for 70 nm
and 53 nm AH mask in year 2015 (Table 2). Current (2013-2014)
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Figure 4. (Left) Best focus shifts for 16 nm dense lines and 20 nm trenches through pitch for a mask with 72 nm absorber. BF is determined based
on 10% CD process window and based on LWR. Up to 24 nm BF range is observed through pitch. (Right) Experimental results” of 22 nm imaging
through pitch and AH on NXE:3300 with Dipole 90Y illumination. AH reduction from 72 nm to 53 nm results in 7 nm BF range increase.
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Figure 5. Die to die interactions on wafer. EUV light is reflected at the image border and impacts imaging in the neighboring die. In the
corners of the dies reflections from the three neighboring image borders overlap with die area. 5 nm CD drop occurs for 27 nm dense
lines at the edges of the field and no imaging is observed in the corners of the field if they overlap with 55 nm absorber border reflection

of the neighboring fields.l"

ASML requirements for AH control for imaging reticles are also
added.

Based on the 16 nm simulations and ITRS requirements, ASML
requirements may be tightened for thin absorber to 0.5 nm mean
to target and 0.5 nm uniformity 3sigma.

Manufacturing accuracy of AH targeting might be insufficient.
Blank data of five 70 nm ASML NXE:3300 imaging reticles shows
that mean to target is within 0.5 nm (Table 3). This is a good perfor-
mance satisfying the tight AH requirement (Table 2). However the
absolute accuracy of AH determination at blank vendor is question-
able as the blank vendor data contradict AFM data collected on a
patterned mask. Detailed AFM (Bruker InSight) measurements on
four of the reticles have shown about 1.7 to 2.2 nm positive offset
with respect to requested 70 nm AH.B! Absolute AFM calibration
of ~1nm does not explain the observed offset. A negative offset
w.r.t. the blank data might have been explained by the absorber
loss during patterning; the positive offset is difficult to explain. As
AFM measures the total step height, a part of the effect can be
explained by overetching in Ru layer underneath during patterning.
Another mechanism can be oxide layer growth.[® As the Ta (per-)
oxide density is smaller than of TaBO, the oxidation may effectively
result in stack height increase.

Blank data is insufficient for determination of AH variation as
only four measurements are provided.

Extensive AFM AH measurements were performed on several
reticles® (Table 3). AH uniformity performance depends on sam-
pling scheme. Local variation is below target 0.5 nm in most of the
cases. Intrafield variation is below target 0.5 nm if enough scan
and intragrating locations are measured and averaged. With only
5 scans averaging per location (the last two reticles), AH variation
is close to the pooled distribution 3sigma. This proves that with a
small amount of measurements per intrafield location, only local
or metrology noise is captured.

2.5. Best Focus shifts and mitigation

There exists a trade-off between dose gain and best focus (BF)
range increase through pitch if AH is reduced. It is shown ex-
perimentally™ that AH reduction from 71 nm to 53 nm results in
7 nm BF range increase for 22 nm lines exposed with Dipole 90Y
illumination. For 72 nm absorber, experimental BF range for 16
nm dense lines and 20 nm trenches through pitch is 24 nm,F i.e.
we expect above 30 nm BF range for thinner absorber.

BF shifts are related to disbalance of diffraction orders. A pos-
sible mitigation strategy can be illumination source optimization. A
usage of an optimized illumination or FlexPupil can improve depth
of focus, process window and CDU.['!
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Figure 6. CD change of 27 nm dense lines in the corners overlapping with Black Border depends on OOB level in the
scanner, NXE:3300 data.l' OOB level is measured in resist and corrected for Al DUV reflectance (Eq (2)).
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Figure 7. Estimated EUV scanner spectrum.

3. Impact of DUV Black Border Reflections on
Imaging

3.1. Field to field interactions and Black Border mitigation
The image border on a mask is a pattern free dark area surrounding
the image field preventing exposure of the image field neighbor-
hood on wafer. The regular EUV absorber 50-70 nm is not suitable
for this purpose as it has 1-3% EUV reflectance resulting in 3-5
nm CD impact at the edge of the neighboring dies!'3I'4] (Figure 5).
Current widely accepted design of the black border on EUV
reticle is an image border where the absorber and multilayer (ML)
are etched down to the substrate (low thermal expansion mate-
rial, LTEM) and EUV reflectance is reduced to <0.05%.'® We have
shown earlier"™ that the reflection of scanner DUV out-of-band
light from BB results in essential CD change in a neighboring field:
0.6 nm at the edge and 1.8nm in the corner for typical OOB level
(Figure 6). Similar results are demonstrated for contact holes. "8I
Specification for DUV and EUV reflections of Black Border are
required to keep wafer CD under the control. These specifications
can be derived if CD sensitivity to the reflected light is known
and the level of background EUV and DUV light is measured or
calculated.

Table 4. Average reflectances of various EUV mask stacks are
calculated based on reflectance spectra (Figure 8) and scanner
spectrum (Figure 7).

Average R” v
Stack material reflectance —Material
_H EUV . I{.H'il
Material ML
72 nm abs on MI. 1.2% 2.0%
#4 nm abs on MI. 0.18% 0. 30%,
154 nm abs on ML 0.09% 0.15%
84 nm abs + 100 nm Al on ML 0.02% 0.04%
57 nm TaBN I_ _]? nm TaBO on 0.04% 0.07%
LTIEM
72 nm TaBN on LTEM 1.03% (1.05%,
LITEM 0.02% (.03%,

3.2. DUV OOB light measurements
DUV Out-of-Band (OOB) light is measured in the scanner using a
special test with a reticle containing a bright field ML area and an
area coated with aluminum.l'® Al has very high DUV reflectance
up to 90% for wavelengths above 190 nm and very low EUV re-
flectance <0.05%. The two parts of the reticle are exposed on the
wafer with dose changing from field to field (dose meander) and
dose to clear is determined. The OOB level is defined as the ratio
of dose to clear from ML E%" and the dose to clear from Al E7"
EM Q).
Al
0
This number is higher than actual level of OOB in the scanner

during normal exposure since both standard mask materials
have lower DUV reflectance than Al: ML DUV reflectance R/ is
~55% and absorber DUV reflectance is ~15% (see below for
more details). The level of OOB in the scanner (e.g. Figure 6)

is reported in terms of OOB from ML, i.e. corrected for high Al
reflectance R3"V:

00B,, =

puv
R

0O0B,, = 00B,, @

RDUV :
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EUV reflectance: absorber on ML
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Figure 8. EUV reflectance spectra of different stacks measured at CXRO2" and PTB?: (Left) absorber of 72 nm, 84 nm and 184 nm on ML; (Right)

various low EUV reflectance stacks.
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Figure 9. Estimated DUV OOB spectrum of EUV scanner.

The OOB test is resist based. Since different resists have differ-
ent OOB sensitivity, OOB level should be determined separately
for each resist in question.'81'7]

3.3. Impact of reflections at the edge of the field
The following model is used for calculation of reflection impact on
CD at the edge of the field:

EUV Jaloie
ACD =S§"" Ron +5°" 00B RL. @).
REUV Al RDUV
ML Al

Here
e SEWnm/%] is the CD sensitivity to background EUV light

* REY[%] is the percentage of background EUV light,
REYY calculated as the ratio of EUV reflectance
REYY of black border (or absorber image border) and EUV
reflectance of ML RE}V

e SP%Inm/%] is the CD sensitivity to background DUV light;
DUV

R
* 00B, ﬁ,[%] is the percentage of background OOB light

reflected from the black border, here R35"is DUV reflectance

of the black border (or absorber image border).

Determination of CD impact from black border reflections re-
quires the knowledge of EUV reflectance from ML and BB and
DUV reflectance of Al and BB.
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3.4. Reflectance’s of different stacks to EUV light

ML reflectance spectra are known from multiple publications
(see e.g.BIMEN2) - Average ML EUV reflectance can be calculated
using EUV scanner spectrum(Figure 7). The weighted average
reflectance is about 60%.

The absorber reflectance depends on the absorber thickness
and is also well known.[ "2 Thick absorber is proposed as an
alternative solution for black border. The EUV reflectance deter-
mines whether this solution is feasible. The absorber reflectance’s
of thick absorbers averaged over the scanner spectrum are 1.2%,
0.18% and 0.09% respectively for 72 nm, 84 nm and 184 nm
absorbers (Figure 8(Left), Table 4). The absorber stack reflectance
is mostly caused by ML reflectance leaking through the absorber
layer and modulated by light interference (swing curve). Even very
thick absorber of 184 nm allows some EUV light through as its
reflectance is larger than reflectance of absorber stacks coated
directly on substrate (Figure 8 (Right), Table 4). Al and LTEM (ML
etched BB) reflectance’s are so low that they can be neglected in
future considerations (Figure 8 (Right), Table 4).

3.5. Reflectance’s of different stacks to DUV light

A scanner DUV out-of-band (OOB) spectrum is estimated based on
source measurements in the plasma and scanner optics transmis-
sion to DUV light (Figure 9). EUV resists are not sensitive to DUV
light above 300 nm,["612% the right part of the spectrum is therefore
not relevant. Wavelengths below 140 nm could not be measured.
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Table 5. Average DUV reflectances of different materials are
calculated based on reflectance spectra (Figure 11) and scanner
spectrum (Figure 9).

Material Average R2WY Average RO
rell in .Harc.n.m' rell in M rf.rl..a-
vacuum R.r;;r.r resist R_ﬂ:‘r :
115-130 in 115-130 in resist
nm VAL am
Al BO%G 1.0 T1% 1.0
ML 535% 1.6 48% 1.5
TaBN+14 15% 0.0 15% 4.6
nm Tali)
LTEM 4.9% 18.1 7.3% 9.7

i)

DUV sensitivity of 22 nm isolated lines

.y
. H

[

0O0B Al [%]

Figure 12. Experimental determination of DUV sensitivity by double exposure experiment, the second exposure is a dose meander with Al-
coated reticle. (Left) DUV sensitivity of 22 nm dense lines (Horizontal and Vertical); (Right) DUV sensitivity of 22 nm isolated lines.

The spectrum is shown in vacuum and in resist. The latter is
calculated using measured DUV sensitivity spectrum of a EUV
resist (Resist C, Figure 102%) extrapolated to smaller wavelength.
The spectrum in resist is clearly shifted to smaller wavelengths.

DUV reflectance’s of different materials are shown in Figure 11.
The average broad-band reflectance is calculated based on scan-
ner DUV spectra (extrapolated to 115 nm) (Table 5). The average
reflectance is essentially different in vacuum and in resist. Espe-
cially Al to LTEM (ML-etched BB) ratio is 1.9 times lower in resist
because Al reflectance drops towards the smaller wavelengths
while LTEM reflectance grows there. The knowledge of DUV scan-
ner spectrum and DUV reflectance’s at wavelengths down to 100
nm and below is absolutely required for thorough understanding
of OOB impact on imaging. The availability of DUV spectrometers
able to measure below 200 nm is very limited. Also understanding
of DUV resist properties at lower DUV wavelengths and mitigation
of their DUV sensitivity is of high importance.

3.6. CD sensitivity to EUV background light
CD sensitivity to background EUV light SEY is derived from ex-
perimental data,['™ it is 1.0+£0.1 nm/% for dense lines and 0.8+0.1

nm/% for isolated lines. This sensitivity is almost independent of
the imaging node.

3.7. CD sensitivity to DUV background light from Black Border
Determination of CD sensitivity to background DUV light SPY
is less accurate, it is estimated to be 1.3+0.3 nm/% based on
experimental data of a scanner with high level of DUV.') Here we
investigate the DUV sensitivity in more detail.

A special test!"lis performed on NXE:3300 to determine the DUV
sensitivity. A regular 22 nm imaging wafer is exposed second time
with Al-coated reticle such that the dose changes from field to
field (dose meander). CD changes through the dose of the second
exposure and the obtained CD sensitivity is about 1.1-1.2 nm/%
for dense lines and about 0.8 nm/% for isolated lines (Figure 12).
The sensitivity is also determined through pitch (Figure 13, Left).
This result is consistent with sensitivity of 27 nm dense lines
1.25nm/% (this value is derived based on data inl'"). The sensitivi-
ties are simulated using detailed scanner and reflectance spectra
data and resist DUV properties (optical constants and sensitivity).
The simulated sensitivities are very close to the measurements for
isolated lines and slightly smaller 0.9-1.0 nm/% for dense lines
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Impact of Al-reflected OoB on 22 nm lines
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Figure 13. (Left) Experimentally determined DUV sensitivity for different pitches and two orientations. (Right) Comparison of measured and

simulated DUV sensitivities for 22 nm dense and isolated H and V lines.

Table 6. OOB levels of EUV scanners at different conditions and corresponding
CD drop of dense lines at the edge of imaging field.'" Predicted CD drop is

CD drop at the edge of the field for

calculated using 1.1 nm/% DUV sensitivity. *High OOB levels were used for the different QOB levels

experiment only and will not be present in an actual scanner. '3
O0OB | OOB | OOB | Measured | Predicted | Mism | Mism 5
Al ML BB ACD at ACD at atch atch =4
| %] [ %] [¥a] theedge | theedge | [nm] (%] H
[nm] [nm] E 3
23 1.6 | 0.24 .37 0.26 -0.10 | -29 g2
25 | 1.7 1026 | 048 029 |-017] -35 1
2.8 1.9 (.28 0.61 0.31 -0.32 =53 1]
35¢ | 24 | 3.6 4.0 4.0 0.0 0 2 oousopN ° |
39 | 27 4.0 4.1 44 0.3 Figure 14.Calculation of CD sensitivity to DUV OOB light based
45% 30 4.6 5.0 5.1 0.1 on BB experimental data" (Table 6). The sensitivity based on

(Figure 13, Right). The sensitivities are also close to the sensitivities
for EUV background light (Section 3.6).

3.8. Verification of CD impact caused by DUV reflections

The model (3) can be verified using available data of BB exposures
(Figure 619, Table 6). Experimental DUV sensitivity 1.1 nm/% is
used and OOB,, level is calculated based on RPrew ratio in resist
(Table 5). ROW

Predictions match measurements quite well for high levels of
OOB. For lower OOB levels, the predicted CD impact is much
smaller than the observed values, in one of the cases the predicted
value is twice smaller than the measured. A possible reason of the
mismatch is unknown DUV resist sensitivity spectrum.

Itis possible to estimate DUV sensitivity based on the measured
data (Table 6). The sensitivity is calculated as a slope of ACD to
OOB,;, (Figure 14). The sensitivity based on all data points is 1.0-
1.1 nm/%; the sensitivity based on low OOB level only is almost
twice higher 1.9 nm/%. If zero CD impact at zero OOB level is not
included in data fit, ~0.2 nm CD impact is derived at zero OOB
level. This effect is not understood.

Similar sensitivity results are obtained based on the data gener-

high OOB levels is 1.0-1.1 nm/%, the sensitivity based on low
OOB levels is 1.9 nm/%.

ously provided by Micron and imec (Table 7, see alsol'"I'81'9) OOB
level of different resists is measured on imec NXE:3100 and CD
drop of 27 nm dense lines is measured on the wafers with corre-
sponding resists. The imec Al-test sensitivity of 1.25 nm/% is used
for prediction. A systematic negative offset ~0.2 nm is observed
between predicted and measured data. The sensitivity based on
this data (Figure 15) is 1.19 nm/% which is very close to the Al-
test based sensitivity. But if zero intercept is forced, the obtained
sensitivity is much higher, 1.8 nm/%. This effect is not understood.

For practical application (e.g. for optical proximity correction
(OPC) as mitigation strategy!®)) the understanding of CD impact at
low DUV level is required. The study of DUV reflections onimaging
will be continued.

3.9. DUV reflectance mitigation in the black border

CD impact of 0.6 nm at the edge and 1.8 nm in the corner (Figure

6) is considered to be too high and DUV reflectance mitigation

strategy is required for the black border. A new improved type of

black border is proposed with reduced DUV reflectance (Figure 16).
Current ASML specification for DUV BB reflectance is 6%; a

target specification for the improved black border is 1.5% (or 4x
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Table 7. OOB levels of different resists measured on imec NXE:3100 and
corresponding CD drop in the corner and at the edge of imaging field.
*Data is courtesy of Micron and imec.

Measured | Measured | Predicted

Resi | Q0B [ 008 | “acp ACD ACD

st iof | (%] [ corner® (medge (medge
’ ! [nm]| [mm]| [nm]|
A 0.32 | 0.03 0.74 .25 .04
B 1.82 | 0.19 1.1 0.37 0.23
C 242 | 0.25 1.25 042 .31
D 257 | 0.26 1.54 0.51 .33
E 332 | 034 1.88 .63 0.43

CD drop at the edge of the field for resists
with different DUV sensitivity

0.6 y= LIgx+0.18

0.5 Rf=0.91

E
£ 04 y=1.8x
-] Ri=09

0.3 :
3]
= 0.2

0.1

0
[t} o1 o2 0.3 0.4

008 BB [%]

Figure 15. Calculation of CD sensitivity to DUV OOB light based
on experimental data for different resists (Table 7/'7).

DUV reflectance of the ML-etched and
improved black border

i
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Figure 16. DUV reflectance spectra of the standard ML etched BB and an
improved BB.

Table 8. Average DUV reflectance of standard BB and improved BB. Different averaging techniques are applied.

Averaging method Uniform average Spectrum in vacuum | Spectrum in resist
Wavelength range [nm) 115-300 | 140-300 | 190-300 | 115-300 | 140-300 | 115-300 | 140-300
Standard BB reflectance | %] 6.2 5.0 4.0 4.9 4.6 7.3 5.4
Improved BB reflectance [%] 1.5 1.3 1.5 1.5 1.4 1.6 1.0
Ratio Standard vs Improved 4.1 38 2.7 33 33 4.6 5.4

reduction of reflectance). Average reflectance of the standard ML
etched black border depends on the wavelength range and the
way how the averaging is performed. It is not always practical to
use the scanner OOB spectrum (Figure 9) for averaging, a simple
uniform average can also be used (Table 8).

Practical uniform average reflectance of the standard and the im-
proved BB is within the specification/target for 190-300 nm range
(in air spectrometer) and for 140-300 nm (nitrogen atmosphere
spectrometer), though the reduction of reflectance for improved
BB is less than 4 times. Reflectance in resist for 115-190 nm range
exceeds the specification, but the reduction ratio for improved
BB is above 4x, which is considered as good performance of the
improved black border.

3.10. Thick or double absorber as a black border

Thick or double absorber is another potential black border solu-
tion. Based on the model (3), measured reflectance ratio’s (Table
5) and sensitivities (Figure 12), CD impact of thick absorber can
be estimated as 1.0 nm at the edge and 3.0 nm in the corner for
84 nm absorber and 0.8 nm at the edge and 2.3 nm in the corner
for 184 nm absorber.

acp=sor R qour 00B,, Ry Ry
Ry TRy R

These values are too high and thick/double absorber cannot
serve as a black border. It is proposed!® that this mitigation
strategy is combined with OPC correction; REMA (Reticle Mask-
ing blades) accuracy of +15 um is required for 84 nm absorber

border and this requirement can be further relaxed if the absorber is

—1.07™0.3% +1.171 7%-1.5 - < 1.0 1m
% % 4.6 4

ML
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Table 9. Advantages and disadvantages of absorber optimization for imaging dose reduction.

Absorber volume optimization
strategy

Negative reticle line CD bias

Absorber height reduction

Deseription
1x
Dose gain
~20% in total

2 nm negative bias, line CD 14 nm

~10% per 1 nm (1x) reticle CD

Reduction from 70 nm to 53 nm

| ~10%

Contrast impact
is observed

Mo LWR increase or EL reduction

Expected small contrast loss
{3-5% NILS)

Additional advantages -

Challenges

CDU and absorber profile control
for thinner lines

Improved aspect ratio absorber

height vs line CD; a better scaling
| extendibility.

Tighter mean to target and

uniformity absorber height control

{down to 0.5 nm)

Disadvantages -

Increascd best focus range through
pitch

Additional requircments -

Extensive absorber height
metrology before and after
patterning; absorber height
specification on patterned reticle

thicker. However there are also other manufacturability drawbacks
of double absorber mitigation strategy such as more complicated
process, impact on resolution, pattern degradation and increased
defectivity. ML etched black border is therefore still considered
as the best option.

4. Summary
Two important aspects of EUV mask architecture is covered in this
work. Imaging dose reduction is required for 16 nm hp imaging.
Reduction of absorber height volume on the mask (negative line
CD bias and absorber height reduction) is a possible option for
imaging dose reduction up to 30%. Advantages and disadvantages
of the proposed techniques are summarized in Table 9.

If both techniques are applied dose for 16 nm imaging can be
reduced by ~30% from 55 mJ/cm? to about 38 mJ/cm?.

In the second part of this work a systematic approach to black
border reflections impact on imaging is established. Impact on CD
is calculated as a product of EUV and DUV relative background
light and CD sensitivity to this light. The relative background light
is calculated based on measured OOB DUV level in the system
and measured broadband reflectance’s of different mask materi-
als. The need of low DUV wavelength reflectance metrology (in
the range 100-300 nm) is demonstrated using an estimated NXE
scanner out-of-band DUV spectrum. CD sensitivity to EUV and
DUV light is determined. The model is verified based on wafer data
collected on NXE:3300 and NXE:3100 systems for 22 nm and 27
nm dense lines. The observed impact of black border on imaging
is larger than predicted for low OOB levels. This effect is still to be
understood. DUV reflectance specification <1.5% is required for
black border in order to mitigate the impact on imaging. Promis-
ing results of low DUV reflectance of the black border are shown.
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Industry Briefs

B Global Chip Sales Hit Record in June

By Ismini Scouras, EEtimes

Improved economic conditions worldwide, particularly in the U.S., and a booming
memory chip market are being credited for the global semiconductor industry’s
robust sales growth in the first half of 2014.

According to the latest numbers compiled by the World Semiconductor Trade
Statistics (WSTS), global sales in June grew 10.8%, to $27.57 billion from $24.88
billion in June 2013, and 2.6% from $26.86 billion in May. June’s numbers
represent the industry’s highest monthly sales level recorded, according to the
SIA.

In the second quarter of 2014, worldwide chip sales reached $82.7 billion, up
10.8% from the second quarter of 2013, and 5.4% sequentially. Global sales
were up 11.1% in the first half of 2014 compared to the same period in 2013,
which was a record year for semiconductor revenue. WSTS projects growth of
6.5% in 2014, 3.3% in 2015, and 4.3% in 2016, said SIA President and CEO
Brian Toohey.

Memory products, including DRAM, have been one of the strongest sectors.
In June, DRAM was up 29.2% compared to June 2013, analog was up 13.5%,
and logic was up 12.1%, according to the WSTS figures.

Geographically, the Americas posted the largest sequential gains in June,
growing 4.9 percent compared with May 2014. Semiconductor sales in Asia-
Pacific, as well as Japan, grew 2.1%, and Europe inched up 1.9%. And the gains
were even larger compared to June 2013 as sales increased 12.1% in both the
Americas and Europe, 10.5% in Asia Pacific, 8.5% in Japan.

B 2-Year Chipmaking Equipment Spending Boom Coming

By Peter Clarke, EEtimes

After years of underspending on chipmaking equipment, the semiconductor
equipment industry is set for two consecutive strong growth years, according
to the SEMI industry organization. The SEMI trade body is forecasting the global
market will grow by 20.8 percent in 2014 to reach $38.4 billion and to expand
another 10.8 percent in 2015 to exceed $42.6 billion.

All the regions of the world that SEMI tracks separately are forecast to see
equipment spending increases in 2015. Front-end wafer processing equipment
is forecasted to grow 11.9 percent in 2015 to $34.8 billion, up from $31.1 billion
in 2014. Test equipment and assembly and packaging equipment is predicted
to experience growth next year, rising to $3.1 billion (+1.6%) and $2.6 billion
(+1.2%), respectively. The forecast indicates that next year is on track to be
the second largest spending year ever, surpassed only by $47.7 billion spent in
2000.

Growth is forecasted in all regions except ROW in 2014 and all regions in
2015. Taiwan is forecast to continue to be the world’s largest spender with $11.6
billion estimated for 2014 and $12.3 billion for 2015. In 2014, North America is
second at $7.2 billion, followed by South Korea at $6.9 billion. For 2015, South
Korea is in second ($8.0 billion) in spending, followed by North America ($7.3
billion).

In 2014, year-over-year increases are expected to be largest for China (47.3
percent), North America (35.7 percent), South Korea (33.0 percent), and Europe
(29.7 percent). Year-over-year percentage increases for 2015 are largest for
Europe (47.8 percent increase), ROW (23.5 percent), Japan (15.6 percent), and
South Korea (15.0 percent).
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