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ABSTRACT

Extreme ultraviolet (EUV) lithography with reflective photomasks continues to be a potential pat-
terning technology for high volume manufacturing at the 7 nm technology node and beyond. EUV 
photomasks with alternative materials to the commonly used Mo/Si multilayer (ML) reflector and 
patterned Ta-based absorber (both of which are known to require shadow effect corrections and 
lead to large through-focus pattern placement errors) are being actively explored. Because the 
reflective bandwidth of a Ru/Si ML is significantly wider than the reflective bandwidth of a Mo/Si 
ML and the effective reflectance plane in Ru/Si is closer to the ML surface, Ru/Si ML coatings may 
be viable alternatives to the Mo/Si ML coatings that are commercially available today because 
they will lead to smaller mask 3D effects. In this paper, increases in the peak reflectivity and the 
reflective bandwidth of Ru/Si ML reflectors by using B4C interlayers to improve the Ru-Si interfaces 
are discussed. The conclusions of this paper are supported with the results of both experimental 
measurements and rigorous simulations.

1. Introduction

All extreme ultraviolet masks are comprised of a multilayer film stack, which ideally provides a high 
reflectivity for all occurring angles of incidence, and a patterned absorber or shifter layer, which 

Figure 1. Left: Plots of reflectivity versus EUV wavelength at 6° angle of incidence for an ideal Mo/Si ML with 40 
bilayers (in grey) and an ideal Ru/Si ML with 20 bilayers (in red). Right: Plots of EUV reflectivity versus incident 
angle at 13.5 nm wavelength for an ideal Mo/Si ML with 40 bilayers (in grey) and an ideal Ru/Si ML with 20 
bilayers (in red).



Editorial

(continued on page 9)

No Rest for the Mask Industry
By Moshe Preil and Mark Wylie, KLA-Tencor

The past several years in the mask making industry have seen a slight deceleration in the 
rate of technical progress and shrinking geometries. With 193 nm immersion reaching the 
limits of single patterning several nodes ago, the recent node shrinks have been driven 
by multiple patterning processes. Devices on the wafer have continued to shrink, but the 
primary features at the mask level and the amount of data written to a single mask leveled 
off. Instead, multiple masks with tighter registration tolerances are now needed to print a 
single level at the wafer, and more attention has been directed towards edge placement 
error (EPE) rather than separate specifications for CD and overlay. 
	 Unlike the “mask maker’s holiday” of the 1980s to early 1990s when 1x masks were 
replaced by 4x and 5x reticles, this recent relaxation in the rate of shrinking geometries 
and tighter specs has been more of a working vacation. Most mask makers would argue 
it was barely a long weekend, and like any time off in the internet era, we had to take our 
computers with us and stay connected at all times. 
	 We are now entering an era with many exciting challenges to tackle after the recent 
short pause. EUV is once again picking up momentum with stronger forecasts for adop-
tion. This sustained momentum will drive the mask industry to solve many new challenges 
associated with the transition from research to high volume manufacturing (HVM). While 
perfect defect free mask blanks will still not be available in steady volumes, blank quality 
will be driven to meet the defect requirements by finding all of the pits, bumps and embed-
ded multi-layer defects that could create phase defects up stream in the mask patterning 
process. Mapping the exact locations of these known defects will allow pattern shifting 
to be utilized to cover the known defect locations, thereby allowing the final patterned 
mask inspection to be carried out without actinic EUV inspection.
	 Line edge roughness (LER) and placement error from the pattern generation steps will 
need to be improved to ensure the mask component is not consuming all of the LER and 
EPE budgets. More of these critical budgets will need to be allocated to the wafer side to 
deal with the limitations of shot noise and resist sensitivity available today for the wafer 
exposure system (though there are still emerging advances in this area). For the mask maker 
there are slow activation resists which can greatly reduce LER, however these create a 
number of challenges with the current pattern generation technologies. These challenges 
require either higher dose, which can lead to increased defect rates, or multiple passes, 
which could mean multiple days of exposure on current generation e-Beam tools and is 
not economically viable.
	 There are other key challenges with EUV mask adoption associated with the available 
pellicle technologies. One path receiving strong support is the use of a removable pel-
licle developed by ASML which can be mounted and demounted without the use of any 
adhesives, thereby solving the outgassing and contamination issues and enabling rapid 
replacement in case of pellicle failures over time. The current membrane is opaque to DUV 
laser’s utilized on the current generation of mask inspection tools, but a clean removal 
and remounting process should enable the continued use of these tools. There are other 
pellicle options which could be inspected with the pellicle in place such as those proposed 
by IBM at the recent SPIE Symposium on Advanced Lithography 2016 (AL16) as well as 
technical feasibility studies at IMEC. All of these options must still overcome a number 
of challenges such as thermal stress imposed by the reaction to EUV light, longevity of 
the pellicle due to the reduced transmission rates and the economical scale up of the 
new pellicle industry to support HVM. The final decisions on the pellicle technologies 
and architectures will then define what can be done for through pellicle inspection and 
determine whether a DUV inspection tool can still be used, thereby enabling an ideal cost 
effective and available solution for the industry.
	 On the mask writing side, recently reported advances in multi-beam exposure technolo-
gies would lead to economically viable solutions to improve EUV mask pattern generation, 
enabling improved pattern fidelity and reduced LER. This new e-Beam technology can 
also be utilized to enable more aggressive optical proximity correction (OPC) techniques 
for optical mask technologies which could help enable more process latitude for today’s 
193 immersion scanners and potentially helping to reduce the number of lithographic weak 
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defines the features on the mask. Because EUV reflective masks 
are illuminated at an oblique angle in order to separate incident 
and reflected light, their coating structure has an inordinately large 
impact on image quality and gives rise to a horizontal-vertical 
print difference due to mask shadowing and through-focus pat-
tern placement errors that vary dramatically with pattern pitch.1-3 
If multiple patterning 193-nm immersion lithography at the 7 nm 
and lower technology nodes is to be replaced with single-exposure 
EUV lithography, then EUV projection optics with higher than 0.33 
NA, more extreme off-axis illumination schemes, and/or masks with 
smaller 3D effects will be needed. In this paper, the performance of 
masks with Ru/Si ML reflective coatings4,5 instead of the commonly 
used Mo/Si ML reflector is discussed. In Section 2.1, the current 
performance and some of the potential advantages of Ru/Si ML 
reflective coatings are summarized. In Section 2.2, recent improve-
ments in Ru/Si ML performance with B4C interlayers are described. 
In Section 2.3, a model of a Ru/Si ML with B4C interlayers that can 
be used to accurately simulate the imaging performance of Ru/Si 
ML coatings in EUV scanners at 0.33 and 0.55 NA is presented. In 
Section 3, the results of rigorous simulations of various lithography 
performance parameters and the magnitude of mask 3D effects 
such as mask shadowing and telecentricity errors are presented. 
In Section 4 the main findings of the paper are summarized and 
some suggestions for future work are provided.

2. Ruthenium-Silicon Multilayer Reflective Coatings

2.1 Current State of Ru/Si ML Coatings
EUV reflectivity versus wavelength and EUV reflectivity versus 
angle of incidence for ideal Mo/Si and Ru/Si multilayers (no inter-
mixing at the interfaces) using optical constants for Mo, Ru, and 
Si from the CXRO website6 are shown in Fig. 1.

Due to the lower index of refraction of Ru compared to Mo, the 
spectral bandwidth of Ru/Si MLs is predicted to be significantly 
broader than that of Mo/Si MLs. The Ru/Si ML design saturates 
at a lower reflectivity than its Mo/Si counterpart because of the 
higher extinction coefficient of Ru compared to Mo. For this reason 
Ru/Si ML coatings have not normally been used on the reflective 
optics in EUV exposure tools. The higher extinction coefficient of 
Ru compared to Mo also causes the Ru/Si ML design to saturate 
with a smaller number of bilayers (~ 33) than its Mo/Si ML counter-
part (~ 40) as shown in Fig. 2 (left) and, hence, Ru/Si ML coatings 

should potentially have lower defectivity.
Because of the lower index of refraction of Ru compared to Mo, 

the phase change upon reflection in Ru/Si exhibits a shallower gra-
dient causing the effective reflectance plane in Ru/Si ML coatings 
to be ~10-15 nm closer to the coating surface, as shown in Fig. 2 
(right). The results presented in this paper suggest that the use of 
Ru/Si ML coatings on EUV masks could lead to smaller mask 3D 
effects, i.e., less mask shadowing and smaller pattern placement 
(telecentricity) errors. Plots of EUV reflectivity versus wavelength at 
6° angle of incidence and EUV reflectivity versus incident angle at 
13.5 nm wavelength for ideal and state-of-the-art Ru/Si MLs with 
20 bilayers are shown in Figure 3.

The comparisons of the reflectivity performance of ideal and 
state-of-the-art Ru/Si MLs shown in Figure 3 suggests that consid-
erable improvements in the peak EUV reflectivity and the reflective 
bandwidth of Ru/Si MLs should be possible by employing interface 
engineering with C7 or B4C8,9 interlayers to sharpen the interfaces.

2. Improvements in Ru/Si ML Coatings with B4C Interlayers
Just as is the case with the Mo/Si ML coatings that are present on 
the majority of all EUV reflective optics today, the width and rough-
ness of the Ru-Si ML interfaces play a large role in determining the 
performance of Ru/Si ML coatings.8 In this work, information on 
Ru-Si interfaces was obtained by depositing Ru/Si ML coatings 
with a variety of different coating designs on silicon wafers and 
measuring reflectivity versus wavelength and reflectivity versus 
angle of incidence in the EUV spectral region, collecting XTEM 
images of the films, and by matching simulation to experimental 
data. All of the Ru/Si ML coatings used in this work were deposited 
in low pressure Ar gas using a PVD tool. The Ru/Si test samples 
had different values for the total bilayer thickness, gamma values 
of 0.4 (where gamma is the fraction of the bilayer occupied by 
Ru), and with a variety of B4C-interlayer thicknesses from 0 – 20 
Å to retard interlayer diffusion and improve the Ru/Si interfaces. 
All of the Ru/Si coatings were designed to have a Si layer at the 
bottom of the film and a Ru layer at the top of the film, to have a 
multilayer period of ~7 nm to provide a maximum reflectivity at 
13.5 nm wavelength at 6 degrees incident angle, and to have a 
total of 20 bilayers.

X-ray reflectometry (XRR) was used to determine the Ru/Si bi-
layer period of the coatings on the test samples.10 An example of 
an XRR spectrum recorded from a Ru/Si ML-coated sample with 20 
bilayers is shown in Figure 4 (left). A plot of Slope determined from 
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Figure 2. Left: Plots of reflectivity at 13.5 nm wavelength and 6° angle of incidence versus the number of bilayers for an ideal Ru/Si ML (in red) and an ideal 
Mo/Si ML (in grey). Right: Cross section of an EUV mask stack illustrating the relative position of the effective reflectance plane (Zeff) in Ru/Si and Mo/Si ML 
coatings: Zeff ~ 33 nm in Ru/Si and Zeff ~ 45 nm in Mo/Si. Note: multilayer period shown schematically is not to scale.
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a plot of sin(Radian(2Theta/2))^2 versus Order^2 from the XRR 
data shown in Figure 4 (left) is shown in Figure 4 (right). The value 
of Slope can be used in Equation 1 to determine the ML period 
with sub-Å accuracy because of the extensive averaging involved.

                         (1)

More than 20 Si wafers were coated with Ru/Si ML films with B4C 
interlayers at various thickness from 0 to 20 Å. For these samples 
ML Period Contraction values were determined from Equation 2 
using the known thickness of Ru, B4C and Si deposited layers 
and the XRR-measured ML Period values.

ML Period Contraction = ML Period (Measured) + T
Ru + T

B4C + T
Si     (2)

If no B4C interlayers were present and no interdiffusion of the 
Ru and Si layers took place or no compounds (silicides) were 
formed then there would be no significant period contraction. In 
such cases the interfaces between Ru and Si would be narrow 
and the synthetic Bragg reflectivity of the resulting film would be 
expected to be high. In films in which B4C interlayers were pres-
ent, the B4C thickness values that resulted in the lowest values 
of ML Period Contraction were found to correspond to coatings 
with the highest peak EUV reflectivity and widest EUV reflective 
bandwidth. Then, according to the data plotted in Figure 5, the 
optimum B4C interlayer films should be approximately 10 Å thick 
for both interfaces, i.e., on top of Si and on top of Ru.

Measurements of reflectivity versus EUV wavelength and EUV 
reflectivity versus angle of incidence of a Ru/Si ML coating with 20 
bilayers with and without 10 Å thick B4C interlayers at both types 
of Ru-Si interfaces were carried out using the EUV Standards and 
Calibration beamline at the Advanced Light Source in Berkeley. 
Figure 6 shows that the peak reflectivity and reflective bandwidth 
of the Ru/Si ML with B4C interlayers have clearly been improved 
but coating performance is still dominated by interdiffusion.

2.3 Development of Ru/Si ML with B4C Interlayer Model
Electron energy loss spectra (EELS) collected from a sample of 
Ru/Si ML with 10 Å thick B4C interfaces deposited on both types 
of Ru-Si interfaces are shown in Figure 7. Five distinct layers can 
be identified within each Ru-Si period and the atomic percentage 
of the constituent elements is given in the table of Figure 7.

Figure 8 compares for a 20 bilayer Ru/Si coated sample with 
10 Å thick B4C interlayers at each type of interface the measured 
reflectivity versus wavelength and reflectivity at 13.5 nm wave-
length versus angle of incidence (solid line) to the simulated curves 
(dashed) obtained with a model based on the input parameters 
listed in Table 1.

The measured reflectivity versus wavelength data shown in 
Figure 8 were fitted at the 5 wavelengths indicated with arrows 
with S-Litho EUV (Synopsys)11 using the thickness values and 
atomic ratios determined from the EELS spectra shown in Figure 
7 and by allowing the thickness of the top-most layers and the 

Figure 3. Left: Plots of EUV reflectivity versus wavelength at 6° angle of incidence for ideal (grey) and state-of-the-art Ru/Si MLs with 20 bilayers (red). Right: 
Plots of EUV reflectivity versus incident angle at 13.5 nm wavelength for ideal (grey) and state-of-the- art Ru/Si MLs with 20 bilayers (red).

Figure 4. Left: Plot of x-ray reflectivity (XRR) at 1.54060 Å wavelength versus 2-Theta Angle from a silicon wafer coated with 20 bilayers of Ru and Si. Right: 
X-ray reflectivity data plotted as sin(Radian(2Theta/2))^2 versus Order^2 which can be used in Equation 1 to accurately determine the ML Period.
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densities of the 5 distinct layers in each Ru/Si bilayer period to 
vary. The fitted densities of the compounds were constrained be 
less than those of the pure materials. The optimum density values 
and optical constants determined as a result of the S-Litho fitting 
are listed in Table 1 (on the right).

Figure 8 shows that reasonable agreement between measure-
ment and simulation has been obtained with the 5-layer model for 
each Ru-Si bilayer period. Especially the achieved correspondence 
for the angular reflectivity at 13.5nm wavelength is a strong valida-
tion of the obtained Ru/Si ML model.

3. Results of Rigorous Simulations

To better understand the impact of the new broader bandwidth 
Ru/Si ML reflector on mask 3D effects, we looked into the imag-
ing simulations at 0.33 NA and 4x magnification and at 0.55 NA 
and anamorphic 4x/8x magnification12 with both Quasar (so 0.9/si 
0.4/ deg45) and Dipole Y (so 0.9/si 0.35/ deg90) illumination. The 
simulation results described in this paper were performed using 
the rigorous mask 3D simulator S-Litho EUV (Synopsys)11 using a 
calibrated and verified mask model for standard Mo/Si ML mirror 
with 40 bilayers including Mo-Si intermixing13 and for an ideal 
(no Ru-Si intermixing) Ru/Si ML mirror with 20 bilayers using the 
optical constants (n & k values at 13.5 nm wavelength) and for the 

modeled Ru/Si ML mirror with optimum B4C interlayers described 
in Section 2.2, all with a patterned 70 nm thick Ta-based absorber. 
The components for the three different mask stack models are 
summarized in Table 2.

3.1 	 Rigorous Simulation Results at 0.33 NA and 4x 
magnification

Simulation results for the horizontal-vertical bias of a 16 nm CD 
trench through LS pitch at 0.33 NA and 4x magnification with 
Quasar illumination for the 3 different mask stacks listed in Table 
2 is shown in Fig. 9. Simulation results for telecentricity error 
through LS pitch at 0.33 NA and 4x magnification with Dipole Y 
illumination for the 3 different mask stacks listed in Table 2 are 
also shown in Fig. 9.

The data in Figure 9 show that the Ru/Si ML reflector significantly 
reduces shadow bias and exhibits less pattern shift through focus 
than a standard Mo/Si ML mirror. The modeled Ru/Si ML with B4C 
interlayers shows similar benefits to the ideal Ru/Si ML, indicat-
ing that the shallower plane of reflection of Ru/Si ML coatings is 
responsible for the reduced mask 3D effects.

Simulation of the aerial image through focus and the process 
windows for the printing of a horizontal two-bar trench pattern (18 
nm CD, 36 nm pitch, and 250 nm length) at 0.33 NA (4x magnifi-
cation) and 6° chief-ray-angle for a Mo/Si ML and for a Ru/Si ML 

Figure 5. Plot of ML Period Contraction versus B4C barrier thickness for both types of Ru-Si interfaces, i.e., with B4C films deposited on top of the Si layers and 
with B4C layers deposited on top of the Ru layers showing that the optimum B4C barrier thicknesses in both cases are approximately 10 Å.

Figure 6. Plots of measured EUV reflectivity versus wavelength and EUV reflectivity at 13.5 nm wavelength versus angle of incidence of a 20 bilayers Ru/Si ML 
coated sample with and without 10 Å thick B4C interlayers.
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with B4C interlayers is shown in Figure 10.
The aerial images through focus in Figure 10 show that improved 

symmetry through focus between the two trenches of the 2 bar 
pattern can be achieved with a Ru/Si ML with B4C interlayer 
(bottom) than with a Mo/Si ML coating (top), resulting in a wider 
overlapping process window.

3.2 	 Rigorous Simulation Results at 0.55 NA and anamorphic 
4x/8x magnification

Simulation results at 0.55 NA and anamorphic 4x/8x magnifica-
tion for the horizontal-vertical bias of 10 nm CD trench through 
LS pitch with Quasar illumination for the 3 different mask stack 
listed in Table 2 are shown in Figure 11, as well as for telecentricity 
error though LS pitch with Dipole-Y illumination.

Going from NA0.33 at 4x magnification to NA0.55 at 8x mag-
nification decreases the angular capture range on mask. The 
related ML reflectivity apodization (cf. Fig. 1) is more reduced for 
the standard Mo/Si ML than for the Ru/Si ML. This causes the 
H-V bias versus pitch behavior at 0.55 NA and anamorphic 4x/8x 
magnification to be similar for Mo/Si and Ru/Si MLs.

However, the benefit of the Ru/Si ML mirror at NA0.55 and 
anamorphic 4x/8x magnification is still visible in the pattern shift 

through focus (telecentricity error) performance through pitch 
shown in Figure 11, where the performance of ideal Ru/Si MLs is 
better than that of modeled Ru/Si MLs is better than that of Mo/
Si MLs.

Simulated aerial image through focus of a horizontal two-bar 
trench pattern (12 nm CD, 22 nm pitch, and 250 nm length) at 0.55 
NA and anamorphic 4x/8x magnification for a mask with a Mo/
Si ML mirror and with a Ru/Si ML mirror with B4C interlayers is 
shown in Figure 12, as well as the corresponding process windows.

The data plotted in Figure 12 show improved symmetry through 
focus and more overlap in the process windows of the trenches of 
the 2 Bar pattern when imaging with Ru/Si ML coatings with B4C 
interlayers than with standard Mo/Si ML coatings.

4. Conclusions & Suggestions for Future Work

Non-telecentric illumination of the reflective mask in an EUV 
lithography tool leads to a variety of mask 3D effects including 
horizontal-vertical print differences and through-focus pattern 
placement (telecentricity) errors on the printed wafer. In this paper, 
we have shown that Ru/Si ML reflective coatings may be a viable 
alternative to the Mo/Si ML coatings that are in common use to-

Figure 7. Left: Plots of EELS profiles for Silicon, Boron, Carbon and Ruthenium from a silicon wafer coated with a Ru/Si ML with 10 Å thick B4C interlayers as 
a function of film height (the Si wafer is located at the left). Right: Table listing the percentage of Si, B, C and Ru present in each of the 5 distinct layers that can 
be identified within each Ru-Si period.

Figure 8. Comparison of measured (solid line) and simulated (dashed line) reflectivity versus wavelength (left) and reflectivity at 13.5 nm wavelength versus 
incident angle (right) showing that reasonable agreement between measured and simulated EUV reflectivity can be obtained with a 5 layer model for each  
Ru/Si period.
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day because the lower index of refraction of Ru compared to Mo 
causes the effective reflective plane in Ru/Si ML coatings to be 
closer to the ML surface resulting in less severe mask 3D effects. 
We have shown that the peak reflectivity and reflective bandwidth 
of state-of-the-art Ru/Si ML coatings can be significantly improved 
by adding B4C interlayers to reduce Ru-Si interdiffusion and 
improve the coating performance, but the overall performance of 
the Ru/Si ML coatings is still inferior to the predicted performance 
of ideal Ru/Si ML coatings. In conclusion, we have used rigorous 
simulations to show that mask stacks comprised of the broader 
bandwidth Ru/Si ML reflector will significantly reduce mask 3D 
effect on wafer imaging because the reduced intensity apodiza-
tion and shallower plane of reflection leads to significantly smaller 
mask shadow effects, smaller pattern shifts through focus and 
smaller CD asymmetry and wider process window when printing 
horizontal 2-bar patterns with current 0.33 NA (4x magnifica-
tion) EUV exposure tools and with future 0.55 NA (anamorphic 
4x/8x magnification) EUV exposure tools. In combination with 
an optimized mask absorber the mask 3D effects can be further 
reduced.7,14 Future work will include the evaluation of the printing 
performance of an EUV mask with a Ru/Si ML reflective coating 
in a 0.33 NA EUV scanner.
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(continued from page 2

No Rest for the Mask Industry

structures. Such technologies may have been held back due 
to the increased shot counts associated with the number 
of polygons required to generate complex OPC shapes, 
driving increased write times/mask manufacturing cycle 
times with today’s existing e-Beam writing technologies. 
Improvements in pattern placement accuracy should also 
help enable the extension of 193 nm immersion to multiple 
patterning processes, including self-aligned quadruple and 
maybe even octuple sidewall patterning and tighter cut 
mask layers.
	 While the OPC convergence times may remain a chal-
lenge for OPC teams and the data volumes will increase sig-
nificantly, there are solutions in the marketplace to support 
the remaining mask infrastructure including defect disposi-

tion and inspection technologies. The role of mask proximity 
correction (MPC) in delivering the correct final dimensions at 
wafer level has also been the subject of extensive research, 
and software solutions to deliver MPC of the same quality 
as OPC are rapidly becoming available.
	 In summary, while the pitch and linewidth of the main 
patterns on masks may no longer be shrinking at the same 
rate as in the past, new requirements on process control, 
including CD, registration and EPE, as well as tighter control 
of defect levels and the entire enabling infrastructure for EUV 
adoption will continue to present us with many challenging 
issues for years to come. In the coming years we should 
expect to see exciting new advancements and innovative 
technical papers presented at industry symposia. 

Figure 11. Left: Simulation of horizontal-vertical bias for a 10 nm CD trench through LS pitch at 0.55 NA (anamorphic 4x/8x magnification) with Quasar il 
umination for the 3 different mask stacks given in Table 2. Right: Simulation of telecentricity error for 10 nm CD trench through LS pitch at 0.55 NA (anamorphic 
4x/8x magnification) with Dipole Y illumination for the 3 different mask stacks given in Table 2.

Figure 12. Simulation of aerial image through focus (left) and Process Windows (right) of a horizontal two-bar trench pattern (12 nm CD, 22 nm pitch, and 250 
nm length) at 0.55 NA (anamorphic 4x/8x magnification) with Dipole-Y illumination on a mask with a Mo/Si ML coating (top) and a Ru/Si ML coating with B4C 
interlayers (bottom).
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■		 Next EUV Challenge: Pellicles

Mark Lapedus, Semiconductor Engineering
April 27, 2016 — Both the EUV light source and resists are making noticeable progress. And then, 
there is the EUV mask infrastructure, which has gaps. Challenges remain with pellicles at the full 
power of the light source and with actinic inspection. ASML, the sole supplier of EUV pellicles 
in the industry, is still in the prototype and/or pilot line stage with this technology. ASML’s EUV 
pellicles for production are expected to ship by mid-2017. But it’s unclear if EUV pellicles will be 
ready in time. ASML’s polysilicon-based EUV pellicle, which is just 50nm thick, must withstand an 
enormous amount of heat. In theory, the pellicle will dissipate the heat. But at those temperatures, 
there are also fears that the EUV pellicle could deteriorate or break during processing. 
	 An EUV pellicle must meet various requirements in three basic categories-transmission rates; 
thermal loads; and productivity. The industry wants an EUV pellicle with a transmission rate of 90% 
(single pass) and 81% (double pass). So far, though, the initial polysilicon-based EUV pellicles from 
ASML have transmission of about 85% (single pass), which is still short of the industry’s target. 
ASML will likely solve this problem in the near term. In 2016, ASML is expected to upgrade the 
power source for its EUV scanners from 80 watts to 125 watts developing EUV pellicles with a 
new heat dissipation layer. Initially, the industry will use ASML’s polysilicon membrane. A pellicle 
with 90% transmission rates for 250-watt sources is expected to ship by mid-2017. There is a 
catch, however. Mask makers can’t use existing 193nm mask inspection tools to directly inspect 
EUV masks with a polysilicon-based pellicle. This material is opaque at the deep ultraviolet range. 
Seeking to solve the problem, ASML has developed a retractable pellicle. In a theoretical flow, the 
EUV mask is manufactured and the pellicle is placed on top. In the inspection process, the EUV 
pellicle is automatically raised and removed from the mask. Then, once the inspection process 
is finished, the pellicle is automatically lowered and re-attached. Still, there is a chance that a 
retractable pellicle may experience a glitch in the flow. So long term, the industry wants an actinic-
based mask inspection tool, which can inspect a mask without removing the pellicle. But it could 
take the industry three to five more years at a cost of around $500 million. And so far, no fab tool 
vendor has committed the resources to develop such a tool.  

■		 7 nm Fab Challenges

Mark Lapedus, Semiconductor Engineering
April 21, 2016 — At 7 nm, chipmakers hope to use two types of techniques in a complementary 
fashion: EUV and immersion/multi-patterning. Today, though, the status of EUV is uncertain. So 
initially, chipmakers plan to use 193 nm immersion/multi-patterning. Then, if it’s ready, EUV will 
be inserted later for some layers. If it’s not ready, EUV will slip to 5 nm. OPC makes use of assist 
features, which are getting smaller and more complex at each node. In addition, the number of 
masks per mask set is increasing at each node. At 16 nm, for example, there are 60 masks. This 
figure is expected to jump to 77 at less than 11 nm. Each of the mask patterns is also getting 
more complex because each feature needs to be written more precisely. More aggressive OPC, 
like ILT (inverse lithography) or shapes approaching ILT shapes, are needed to get the required 
process window. As a result, it will take a longer time to write or pattern the mask using today’s 
e-beam mask writers. This, in turn, equates to longer mask turnaround times and higher costs. 
Meanwhile, if the industry inserts EUV at 7 nm, mask makers must contend with the complexities 
of EUV masks. For EUV, the sub-resolution assist feature (SRAF) sizes range from 32 nm to 40 nm, 
compared to 60 nm for optical. All told, the write times for EUV masks are long. To reduce the write 
times, photomask makers want a new class of multi-beam mask writers. Still to be seen, however, 
is if these tools will be ready in time for 7 nm.   

■		 EUV Production Insertion

www.asml.com
April 14, 2016 — The consensus emerging from the 2016 SPIE Advanced Lithography conference 
was that we’re close, but not quite there yet.  ASML expects the first IC manufacturers to start using 
EUV for chip production from 2018. With the lead time to get systems built, installed in fabs and 
qualified for production, this means 2016 is the year when the in-principle decision to insert EUV in 
2018 will have to be made. A productivity of around 1,500 wafers per day makes EUV more cost-
effective than multiple patterning. When taking into account the additional benefits of EUV, such as 
better yield and faster time to market, the cost cross-over point may even be substantially lower. 
	 ASML’s 2016 productivity target is to achieve the 1,500 wafer-per-day milestone. The 2016 
target for availability is 80 percent, but it is clear that availability needs to continue to improve 
further, towards the levels that are achieved by immersion systems today (above 95 percent). 
On both fronts, ASML is on track. Multiple EUV systems, both at ASML and at customer sites, 
have demonstrated the capability to process more than 1,000 wafers per day. ASML’s latest EUV 
system, the NXE:3350B, has shown a peak productivity of 1,368 wafers in a 24-hour period.  
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