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ABSTRACT   

The line-edge roughness (LER) of a photomask image has a measurable impact on the corresponding printed wafer LER. 
This impact increases as wafer exposures move from 193nm DUV to 13.5nm EUV wavelengths since the imaging tool is 
a low-pass filter with EUV passing more spatial frequencies. Even the high frequency mask LER may impact the wafer 
image by lowering its image log-slope (ILS). Studying the magnitude and frequency content of mask LER is a first step 
to reducing the wafer LER. The next step is to determine which components of mask line roughness actually contribute 
to the wafer line roughness. Order is imposed on this study by fabricating programmed LER patterns on an EUV mask to 
introduce controlled variations in LER spatial frequency and magnitude. More specifically, line-width roughness (LWR), 
LER and power spectral density (PSD) are extracted from 64nm and 90nm (1X) pitch lines on a programmed LER EUV 
photomask. The same mask is then exposed on the ASML EUV Alpha Demo Tool (ADT) at best focus and dose. Three 
chemically amplified EUV photoresists are evaluated using the programmed LER photomask through PSD and LWR 
comparisons and the highest performance resist is used for a comprehensive LER transfer analysis. Wafer LWR is 
extracted from 64nm and 90nm pitch lines and correlated back to the base mask patterns revealing an empirical LWR 
transfer function (LTF). Finally, the study is extended to 45nm (1X) pitch lines by deploying a pupil filter on the ADT to 
explore the effect on LWR as the feature sizes shrink. 

1. INTRODUCTION 

The march towards single digit nanometer nodes requires not only novel device designs but also new lithography 
advances. The transitions from 193nm DUV to 13.5nm EUV lithography is a necessary step in the coming years to allow 
the continued scaling of high performance logic devices. With a decrease in feature size, deviations from their nominal 
critical dimension (CD) will start to have an impact on device reliability and performance. Previous studies on transistor 
performance have shown that as the magnitude of line edge roughness (LER) increases on the gate, device performance 
suffers as a result.1,2 Despite the success that has been seen in reducing LER in resist, there is a continued push to for 
lower LER that is dominated by the industry’s move towards smaller, more efficient and complex chip designs.  

This paper will address some of the factors that contribute to the LER in wafer resist with a focus on contributions from 
the EUV photomask LER. Section 2 begins with an extensive study on a programmed LER photomask that details the 
intentional LER variations etched into the absorber. Section 3 describes the use of this mask to screen three EUV 
photoresists to select the current state-of-the-art resist for this study. In section 4, a quantitative way of relating mask 
induced LWR to wafer LWR is introduced and an empirical LWR Transfer Function (LTF) is derived for 45nm, 64nm, 
and 90nm 1X pitch line/space, expanding on previous understandings and simulations.3,4,5 Lastly, section 5 gives a 
simulation of mask LWR impact on wafer for future lithography systems and concluding thoughts in section 6. It must 
be noted that this study will not take into account the mask surface roughness induced LER, only absorber level LER. 
However, there have been extensive studies regarding surface roughness, as detailed in the references.6,7 Speckle from 
the source is also neglected in this study since the source does not have temporal coherence.  

2. PROGRAMMED LER PHOTOMASK 

The EUV photomask was fabricated using a standard 40 layer Mo/Si stack on quartz. LER with varying magnitude and 
frequency is programmed into 90nm, 128nm, 180nm (4X) half pitch line/space. Figure 1 (left) shows the nomenclature 
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of the programmed LER, illustrating jog amplitude and jog frequency as defined for the symmetric and asymmetric case. 
SEM imaging using an Adventest LWM 9045 was used for mask micrographs at 75kx (Figure 1, middle). 
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Figure 1: (left) Schematic of symmetric and asymmetric programmed LER. Jog pitch and jog width nomenclature 
defined. (middle) SEM micrographs of photomasks with programmed LER. (right) Region of interest (ROI) for raw line 
data extraction. Two programmed LER lines fit to a Sine function of for the extraction of actual jog width and jog pitch. 

Each site on mask is measured using SuMMIT v.10 to extract the raw line data. A sine function is used to fit the raw 
data and the measured mask jog amplitude and jog frequency is extracted so exact mask features can be quoted when 
referencing the corresponding wafer prints. Figure 1 (right) is an example of the raw line data and its corresponding fit 
values. Table 1 shows an example comparison between design and measured programmed LER feature size for 64nm 
1X pitch. Small jog pitch and jog amplitudes are not resolved on mask, indicated by the greyed boxes. This signifies a 
resolution limitation on current ebeam mask writers, which can be noted for further study.  

  

Table 1: (left) Designed jog width and jog pitch for programmed LER patters for 64nm pitch line/space. (right) 
Measured jog width and jog pitch. Grey areas are locations that did not resolve on mask and will be omitted in the 
anlaysis. 

LWR analysis done using SuMMIT v10 follows the same approach by A. Zweber et. al.8 Results for 128nm (4X) half 
pitch line/space are shown in Figure 2. It can be noted that LWR increases linearly with jog amplitude, as expected, 
while LWR stays statistically constant with increasing jog frequency (LWR is frequency independent). When the mask 
is printed, the projection optics of the lithography system acts as a low-pass filter and attenuates the impact of mask level 
LER. Frequency filtering can be designated by an fmin and fmax, in which frequencies above fmax should be completely 
filtered out by the illumination system and frequencies below fmin should completely transfer onto the wafer. The 
intermediate frequencies represent a region of partial frequency transfer. The remainder of this study will deal with 



 
 

 

 

extraction of an empirical transfer function to understand, beyond the formula, how mask level LER will impact the 
wafer.    

         

Figure 2: (left) Mask level 128nm HP symmetric programmed LWR measurments correlated to measured jog pitch and 
jog width from Table 1. (right) Zoomed in including error considerations 

3. WAFER PRINTS AND ANALYSIS 

Wafers are printed to explore the impact and transferability of mask level LER. The ASML EUV Alpha Demo Tool 
(ADT) at Albany NanoTech is the lithography system used for wafer prints. SEM micrographs of the patterned wafers in 
resist were recorded on the Hitachi CG4000 CD-SEM at 300kx. Before beginning to explore the effects of absorber 
induced LER on wafer prints, an understanding of the illumination system and resists should be considered. Depending 
on the resist that is chosen, the transfer function will vary slightly since not all resists are made equal.  

One must take note of the varied performance of different chemically amplified photoresist as this will impact wafer 
prints and the transferability results. This varied performance is understood as the tradeoff between resolution, LER and 
sensitivity (RLS tradeoff).9 An evaluation on the various resist is necessary to fully represent the transferability of mask 
features. Resists that are favorable to LER and resolution will be chosen for subsequent studies. High resolution resists 
will most honestly represent the features that transfer from mask to wafer while resist with high LER scores will show 
the best performance for LER optimization.  

The illumination system should also be considered for understanding LER transferability. Depending on the lithography 
tool, the transfer function will depend on the illumination optics, which acts as a high-pass filter. Mask level LER is 
filtered through the illumination system, defined by an fmax and fmin, as shown in Equation 1. Considering the ADT 
illumination settings, mask level LER frequencies above fmax=6.94μm-1 should be completely filtered out while mask 
level LER frequencies below fmin=2.31μm-1 should completely transfer onto the wafer. The frequencies between 6.94μm-

1 and 2.31μm-1 represent a region of partial LER transfer. First, the resist that will represent the most state-of-the-art 
EUV chemically amplified resist will first be established.  

Three state-of-the-art EUV photoresist, labeled as Resist A, B and C, are explored to establish the optimal resist that will 
most honestly represent the transferability of mask features. The nominal dose and focus were established for these 
resists through finding the center dose and best focus dies that matches to expected CD dimensions. Wafer SEM (Figure 
3) analysis were done on Terminal PC Offline CD Measurement Software 6.1 to select the optimum die for each resist 
evaluated. 
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Equation 1: Theoretical cutoff frequency for the illumination system. fmax and fmin represents LER frequencies on mask 
that should either fully transfer (fLER<fmin), partially transfer (fmin<fLER< fmax), or no transfer (fLER> fmax) to wafer. 

 

Resist A, B, and C are evaluated by studying the PSD and LWR at three 
programmed LER frequencies: 2μm-1, 3.33μm-1 and 5μm-1 (4X). Figure 4 
represents the LWR as measured on wafer for the three resists at different 
jog amplitudes and jog frequencies. A 2μm-1 mask LER frequency should 
completely transfer to wafer (Equation 1) while there is only partial 
transfer for the 3.33μm-1 and 5μm-1 frequencies. This trend is seen for all 
three resists (Figure 4). At a fixed jog amplitude, the LWR decreases with 
increase jog frequency – this represents the line roughness filtering from 
the ADT.  

 

 

Figure 3: Wafer prints showing the transfer of programmed mask line 
roughness for various jog amplitude and jog frequency. 

 

Concentrating solely at the 2μm-1 frequencies for the three resists, Resist C shows the lowest LER at zero jog amplitude 
(reference) but the LWR increases beyond Resist A and B at higher jog amplitude. From a resolution, LER, sensitivity 
(RLS) tradeoff standpoint, the resist with the lowest LWR at reference is the resist with the best LER performance 
(Resist C). As the jog amplitude increases at this frequency, it is expected that the LER is completely transferred from 
mask to wafer. Resist C (solid line) has consistently higher LWR compared with Resist A and B at larger jog amplitudes. 
We can expect relatively higher LWR from the resist that has the highest resolution at 2μm-1 since the jog amplitude is 
completely transferred to the wafer. To verify this, the resist that has the highest increase in power spectral density 
(PSD) at the set programmed frequency when compared to the reference should represent the resist with the best 
resolution – this is due to the most honest representation of frequency transfer. The higher PSD peak at 2μm-1 for Resist 
C compared with Resist A and B (Figure 5, middle) can be attributed to the higher resolution performance from Resist C. 
Also, this can be correlated back to Figure 3, which indicates that the consistently higher LWR for Resist C is due to the 
higher PSD at 2μm-1 – Resist C has the best resolution performance out of the three wafer resists. 

High spatial frequencies on the other hand have diffraction orders 
that are not collected by the pupil thus will not be transferred into 
the resist. The resist with the lowest PSD and LWR at non-
transferable or barely-transferable frequencies represent the resist 
with best LER performance. Across the board, lower LWR for 
Resist C (solid line) at 5μm-1 represents the better performance 
LWR resist. The PSD at 5μm-1 strongly shows an overall lower 
PSD and thus suppression of mask level LER – Resist C has the 
best LER performance out of the three wafer resists.  

 

Figure 4: LWR comparison between Resist A, B and C at 
different jog pitch.



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: (left) Reference power spectrual density for three resists (middle) Power spectral density comparison of resist 
A, B and C at 2μm-1 jog frequency and 11.3nm jog amplitude. (right) Power spectral desnity comparison of resist A, B 
and C at 5μm-1 jog frequency at 9.5nm jog amplitude.  

4. MASK TO WAFER: TRANSFER PROPERTIES 

LWR is extracted from 128nm (4x) half pitch (HP) features on wafer using SuMMIT v.10 analysis on wafer SEM 
micrographs. The wafer LWR values are then correlated back to the mask location that was used to create the wafer print. 
Figure 6 (left) shows the frequency dependence of the mask line roughness on wafer LWR. The linear correlation of 
mask LWR vs jog frequency (Figure 2) is broken by the lithography system - higher frequencies on the mask are filtered 
out while lower frequencies are transferred. Solid lines represent mask line roughness frequencies that should transfer 
completely from mask to wafer. Dashed lines represent frequencies that are between fmax=6.97μm-1 and fmin=2.94μm-1, 
thus should only partially transfer. Dotted lines represent frequencies that should be completely filtered by the 
illumination optics. This expected trend is seen, however it can be noted that even at frequencies >fmax, large jog 
amplitudes will still impact wafer LER – this can be seen as the reduction of the image-log slope (ILS) from the effects 
of shadowing. Figure 6 (middle) represents the LWR dependence on programmed jog frequency. The larger the 
amplitude, the sooner the LWR begins to impact wafer and the saturation LWR is also larger. However, when the LWR 
is normalized, the relative LWR impact on wafer falls together, revealing an empirical transfer function for the ADT 
(Figure 6, right). This normalized LWR is independent of jog amplitudes, representing the pure frequency impact of 
mask level LER on wafer. From this result, it can be concluded that mask line roughness frequencies above 6 um-1 (4x) 
do not have a major impact on wafer for this illumination and resist system. 

 

 

 

 

 

 

 

 

 

Figure 6: (left) Impact of varying mask LER frequencies on wafer prints as a function of mask LER amplitude. (middle) 
LWR as a function of jog frequency. (right) Transfer function for 128nm HP line/space on mask. Inset shows the LTF as 
a function of 1X jog frequency. 



 
 

 

 

Similar to the 128nm (4X) HP case, the study can be expanded to 180nm HP where a similar trend can be seen (Figure 7, 
left). Moving towards a smaller feature size, use of a blocking filter in the pupil plane of the projection optics extends 
this study to 90nm HP (Figure 7, middle), where the filter has been optimized for this particular feature.10 Baseline LWR 
increases due to a feature size shrink enabled by the pupil filter. When plotting the LER frequency dependence of both 
90nm HP and 180nm HP line/space, the shift of the baseline LWR for the pupil filter exposure becomes apparent (Figure 
7, right). Similar to the 128nm HP, an increase in jog amplitude, the saturation LWR at low frequency becomes larger.  

 

 

 

 

 

 

 

 

 

Figure 7: (left) Wafer level LWR as a function of mask jog amplitude and varying mask LER frequency for 180nm HP 
4X. (middle) A top-hat σ=0.5 pupil filter extends the study to 90nm HP 4X. Baseline LWR increases due to a feature 
size shrink enabled by the pupil filter. (right) LWR as a function of jog frequency for the two pitches.  

Normalizing the LWR reveals the impact of mask level line roughness beyond the baseline LWR. The 128nm HP LWR 
Transfer Function (LTF) is similar to the 180nm HP LTF while the transfer function for the 90nm HP is shifted to the 
right (Figure 8). The similarity between the 128nm and 180nm HP LTF represents the line/space pitch independence of 
mask LWR tranfer to wafer. However, when a pupil filter is used to print 22.5nm 1X HP lines on wafer, there is a shift 
in the transfer function. This is likely because the filter, by blocking low frequency rays, causes the imaging to result 
from a larger ratio of higher vs. lower diffraction orders. This enables the printing of smaller features, however it 
simultaneously resolves higher frequency mask roughness. In summary, the transfer function is independent of jog 
amplitude and line/space pitch. Freqeuncies above 6μm-1 on mask will begin to impact the LWR on wafer. Deploying a 
pupil filter to print 22nm HP 1X lines shifts the LTF to the right, representing a greater influence of high frequency mask 
line roughness on wafer LWR.  

 

Figure 8: The relative impact on wafer becomes independent of mask level LER amplitude. This reveals an empirical 
LWR transfer function for the ADT with and without a pupil filter. 

A further study on 128nm HP 4X lines with programmed asymmetric LER shows the need to also consider both mask 
LER and LWR (Figure 9). In this case, the wafer LWR is constant throughout jog frequency and jog amplitude. This is 



 
 

 

 

due to the constant line width that is transferred from an asymetric programmed LER mask feature to wafer. However, 
the wafer LER shows the expected increase in LER as a function jog amplitude. Thus, an understanding of mask LER in 
conjunction with mask LWR is necerssary to reveal the full influence of mask line roughness on wafer. 

  

Figure 9: 128nm HP 4X lines with programmed asummetric LER. Asymmetric line variations on mask does not impact 
wafer LWR. This is due to the constant line width that is transferred onto the wafer. However, an identical look at the 
LER reveals the full impact on wafer.  

5. SIMULATIONS 

In consideration for next generation EUV lithography systems, two different illumination optics are simulated to 
understand when the onset of LER transfer will being for future tools. Figure 10 shows a simulation that looks at two 
different metrology points (MP1 and MP2) which vary in CD while measuring the image log slope as a function of LER 
pitch. At a certain frequency, the measured ILS becomes different for the two different metrology points. This can be 
seen as the onset of LER transfer from mask to wafer. For NA=0.25, the point at which the ILS bifurcate is around 6-
7μm-1. In contrast, for NA=0.33, the bifurcation begins at a higher frequency (~11μm-1). As the industry moves to higher 
NA/σ systems, the minimum achievable resolution also increases along with the ability to capture higher frequency 
patterns. To ensure that the mask line roughness does not impact wafer, a continued study on LER transfer for future 
lithography system is needed.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10: ILS as a function of LER frequency as simulatued using two tool and illumination settings. 



 
 

 

 

6. SUMMARY 

The correlation between mask LWR and wafer LWR is explored. The increasing complexity of advanced lithography 
systems directs the mask maker to not only consider the photomask but also the lithography tool and wafer resist for a 
complete understanding of mask impact and transferability to wafer. The study begins by looking at an EUV photomask 
with programmed line roughness. The measured LWR on mask is independent of jog frequency and increases linearly 
with increasing jog amplitude. The lithography system and wafer resists are now taken into account for a comprehensive 
understanding of line roughness transfer. Wafer resist evaluation is performed using the same programmed LER 
photomask through PSD and LWR comparisons. Three chemically amplified EUV photoresists were screened and one 
was chosen to represent the state-of-the-art, to be used for this study. LWR is extracted from the printed wafers for 32nm 
and 45nm HP (1X) for varying jog frequencies and jog amplitudes. A direct mask to printed wafer analysis shows that 
mask line roughness with frequencies above 6 um-1 do not have a major impact on wafer – this result is independent of 
line pitch and LER amplitude. Using a pupil filter, the study is extended to 22.5nm HP (1X), revealing increased 
sensitivity to higher frequency mask level LER. An empirical LWR Transfer Function is extracted for 22.5nm, 32nm, 
and 45nm HP (1X) line/space, showing the impact of mask level line roughness on wafer prints. Finally, simulation is 
used to understand future lithography systems. With an increase in NA and sigma, LER transferability is expected to 
occur at higher frequencies - this should be taken into consideration for future EUV photomask fabrication. 
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