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Abstract: Based on reflective optics at 13.5 nm, extreme-UV lithography is 
the ultimate top-down technique to define structures below 22 nm but faces 
several challenges arising from the discrete nature of light and matter. 
Owing to the short wavelength, mask surface roughness plays a 
fundamental role in the increase of speckle pattern contrast, compromising 
the uniformity of the printed features. Herein, we have used a mask with 
engineered gradient surface roughness to illustrate the impact that speckle 
has on the resulting photoresist pattern. The speckle increases the 
photoresist roughness, but surprisingly, only when the mask surface 
roughness is well above existing manufacturing capabilities. 
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1. Introduction 

Extreme UV (EUV) lithography is still the primary candidate to allow scaling below the 22 
nm technology node for semiconductor manufacturing [1]. This soft x-ray lithography uses a 
relatively coherent radiation generated by a discharge-produced Tin (Sn) plasma source at 
13.5 nm [2]. Due to the high absorbance of matter at this wavelength, all the optical elements 
are Bragg-reflectors. The mask is composed of reflective elements upon a flat LTEM support 
(Low Thermal Expansion Material) [3] whereupon 40 Molybdenum/Silicon (Mo/Si) 
interference bilayers are deposited to achieve 70% reflectivity [4]. On top of the multilayer, a 
2-3 nm protective layer of Ruthenium (Ru) is deposited (Fig. 1(a)). Both the multilayer and 
Ru layer are characterized by a certain surface roughness [5]. 

During exposure, the mask reflects EUV light from the source to the optics and then to the 
wafer which has a photosensitive film (photoresist) coated on top. In this process, the Mask 
Surface Roughness (MSR) acts as a diffuser, leading to the creation of speckle pattern due to 
local phase mismatch [6]. The contrast of a speckle pattern depends on several factors: the 
wavelength, the spatial and temporal coherence of the source, and the optical system flatness 
and design [7]. However, for EUV lithography systems, concern arises mainly from speckle 
stemming from MSR [8,9]. Correlated scatter coming from a phase coherent substrate that 
propagates through the multilayer system until the protective layer has been shown to lead to 
random phase errors. In addition, although of lower magnitude, uncorrelated scatter from the 
interface roughness between the Mo/Si layers needs to be taken into account for local 
reflectivity variation across the mask [10]. Combined, these effects lead to local intensity 
fluctuations at the wafer level which cause roughness formation during the definition of the 
edges of the features. This is of concern, since at the targeted dimensions pattern roughness 
has become one of the major contributions to electrical device failures [11, 12]. 
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Fig. 1. (a) Cartoon of an EUV mask representing the absorber stack, the Mo/Si multilayer, the 
Cr layer for surface roughness variation, the LTEM substrate, and the EUV light path. (b) 
Mask layout used for speckle evaluation: the red area represents the Cr layer deposited to 
increase the surface roughness (labeled from A to H), the white rectangles represent the 
locations of the mask gratings (54 nm line/space, 1:1 duty cycle), the red dots are the top-down 
SEM picture locations on wafer, and the green dashed lines indicate the reference modules (no 
Cr deposited, I site). On the left, AFM images for high, mid and low surface roughness are 
reported. 

Recent works show that to print structures at 22 nm half pitch and below, speckle 
phenomena are foreseen to impact the LER for MSR higher than 50 pm rms [1,13]. In this 
work, photoresist Line Edge Roughness (LER) [14] is used to quantify the impact of speckle 
generated by the MSR during the lithographic exposure of 27 nm line/space feature sizes 
having a periodicity of 54 nm. In order to quantify the impact of different illuminations on 
speckle, the LER resulting for Dipole-60 off-axis illumination exposure [15] is compared to 
Conventional illumination (Figs. 2(a) and 2(b)). 

 

Fig. 2. Sketch of the Conventional (a) and Dipole-60 (b) illuminations used for the exposures. 
In the cartoons, the + 1 diffraction orders are represented for f = fcut-off. c) Aerial image contrast 
of Conventional (blue) and Dipole-60 (red) illumination for 54 nm line/space exposure. 

2. Concept 

For previous Deep UV (DUV) optical lithography, speckle is rarely observed due to the 
highly random mode structure of the excimer laser output (ArF at 193 nm, KrF at 248 nm 
wavelength) [16]. In fact, only recently, has O. Noordman et al. [17] been able to 
experimentally determine the impact of speckle on LER using a combination of low number 
of ArF laser pulses, a high degree of polarization, and off-axis illumination conditions. 
Speckle pattern contrast is given by Eq. (1) [17, 18]: 
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where Np is the number of polarized states, T is the length of the laser pulse, τc is the laser 
temporal coherence, and G is a factor related to its spatial coherence and geometric properties 
of the light. It is noticed that the speckle contrast on EUV lithography is expected to be less 
severe compared to ArF lithography for several reasons: lack of polarization for EUV light 
(NpEUV / NpArF ≈2), high T due to different light sources (TEUV / TArF ≈100), small wavelength 
and particularly broad band (the factor λ2/Δ λ in τc is roughly 104 higher for ArF laser). 

Photoresist materials capture the speckle pattern as a discrete Poisson distribution of 
photons [19] to photo-generate a quasi-Poisson distribution of acids [20] which will be 
responsible for polymer deprotection and the subsequent dissolution switch [21]. Hence, the 
speckle effect will be seen by the photoresist as a local intensity variation, increasing or 
decreasing the photon density, acid generation, deprotection, and dissolution into developer. 
For these reasons, we decided to investigate how the intensity fluctuations induced by the 
speckle impact the roughness of printed features in EUV lithography. 

To evaluate the speckle contribution, a mask with a controlled MSR gradient has been 
used for lithographic exposure. Due to its large-scale intensity fluctuations and the optical 
system illumination-dependent cut-off, an increase of low-frequency LER is expected for the 
features defined in the photoresist up to the spatial frequency cut-off [17]. Performing Power 
Spectral Density (PSD) analysis of LER frequencies of the vertical line edges [22, 23], we can 
experimentally observe the speckle impact on photoresist due to MSR. 

2. Experiment 

2.1 Experimental settings 

In order to evaluate the speckle effect originated by MSR, a special mask with a surface 
roughness gradient was prepared in collaboration with Intel, Sematech, and LBNL [5]. After 
the preparation of the LTEM support, a layer of Chromium (Cr) (Fig. 1, red area) was 
deposited on part of the mask to aggravate the surface roughness in a controlled way [10]. The 
fabrication procedure involved the shadowed deposition of the Cr layer. The deposition was 
completed using DC magnetron sputtering in an Argon gas environment [10]. The shadowing 
was controlled to produce a roughness gradient in one direction only (Fig. 1(b)). The right 
half side of the mask served as reference location. As illustrated in Fig. 1(b), Atomic Force 
Microscopy (AFM) mask surface measurements were performed along the aggravated surface 
roughness as indicated by the blue squares on the mask layout. In Table 1, AFM MSR values 
are reported: surface roughness varied from more than 1000 pm rms (roughest area, site A) 
down to 60 pm rms for the reference case, reflecting the natural roughness of the substrate (no 
Cr layer deposition, site I). EUV reflectivity measurements were performed and a significant 
reflectivity drop was noted with increased MSR (Table 1). These values closely match those 
reported by S. A. George et al. in previous studies [10,24]. AFM measurements were taken in 
tapping mode, with a Tespa tip, scan speed of 2 µm/sec and a resolution of 256 lines/image, 
256 pts/line on 2x2 µm2 areas. Measurement repeatability is estimated to be 20 pm. 

Table 1. AFM MSR and mask reflectivity measurements along the mask area where Cr is 
deposited to aggravate the resulting surface roughness. Measurements errors are 

respectively 20 pm and 0.08%. 

Mask site A B C D E F G H I (ref.) 

AFM rms (pm) 1110 970 850 740 600 480 220 90 60 

Mask Reflectivity (%) 51.9 54.5 57.4 59.8 62.0 63.2 64.1 64.5 64.6 
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In Fig. 1(b), the white rectangles indicate the locations of the 27 nm line/space gratings 
having a periodicity of 54 nm (1:1 duty cycle) which were exposed for speckle evaluation: the 
red dots represent the locations on the wafer where top-down Scanning Electron Microscopy 
(SEM) images were captured to perform LER analysis in the photoresist. The green dashed 
lines indicate the reference modules without Cr layer deposition (reference MSR = 60 pm 
rms). Measuring the LER in photoresist along the aggravated MSR will provide the 
relationship between LER and MSR due to speckle pattern contrast, and photoresist 
performance. 

The mask was hence exposed with the imec NXE:3100 ASML EUV tool equipped with a 
USHIO/XTREME DPP EUV source (λ = 13.5, Numerical Aperture NA = 0.25). Illumination 
system details are reported in [25]. Two illumination conditions were used: Conventional with 
a coherence factor σout = 0.81 (Fig. 2(a)), and Dipole-60 with poles of α = 60° distributed 
horizontally in the pupil and σin = 0.43, σout = 0.81 (Fig. 2(b)). The optical system frequency 
cut-off represents the higher frequency (shorter periodicity) for which the 1st diffraction order 
is still collected by the pupil. As represented in Fig. 2, the cut-off is illumination dependent. 

In the exposure experiment, 40 nm thickness of commercial EUV photoresist SEVR140 
from SEC were spin-coated on 300 mm Si wafers. The wafers were pre-treated by spin-
coating 20 nm organic underlayer AL412 from Brewer Science. A HITACHI CG4000SEM 
was used to perform pattern analysis. Out of focus conditions of respectively −50 nm and −30 
nm (focus plane below the wafer surface) were used to increase the speckle contribution to 
photoresist LER [10]. 27 nm line/space gratings with a periodicity of 54 nm (1:1 duty-cycle) 
were exposed on the wafer with different MSR to evaluate the speckle contribution to 
photoresist LER. In order to fully capture the speckle effect on printed features, and fulfill the 
ITRS specifications [1], top-down SEM micrographs were captured with an asymmetric field 
of view: 0.45 µm in direction perpendicular to the lines was used to have enough details on 
the protrusions and the roughness of the edges, while 2.25 µm was chosen along the lines to 
also collect the low-frequency roughness component. 18 images with 7 lines/image were 
considered for each MSR module to increase the accuracy of the measurement and decrease 
the noise of the PSD analysis [26]. With the chosen SEM setting, LER SEM noise 
measurement was estimated to be less than 0.1 nm (3σ) 

2.2 Experimental quantification of speckle on photoresist roughness 

Exposure intensity variations from MSR are expected to impact the LER performance of the 
printed features [13,22]. In addition, the impact of the effect is predicted to increase with 
higher spatial coherence. To evaluate both the predictions, two wafers were exposed with 
Conventional (low spatial coherence, Fig. 2(a)) and Dipole-60 illuminations (high spatial 
coherence, Fig. 2(b)). In order to define 27 nm line/space with 54 nm periodicity at wafer 
level, the exposure energy was varied for different MSR (Fig. 3(a)). 

The required exposure energy increase to obtain the target feature dimensions is explained 
by considering the reflectivity drop for higher MSR (Table 1): to define the same feature 
dimension into the photoresist, the same number of photons must be absorbed; for higher 
MSR the intensity loss due to photon scattering and phase mismatch is higher, hence the 
average intensity at wafer level is reduced. The reflectivity drop can be noticed starting with 
MSR = 90 pm rms, which requires higher energy compared to the reference case (MSR = 60 
pm). The exposure energies for the Dipole-60 illumination are generally lower than for the 
Conventional due to higher contrast of the aerial image for the Dipole-60 (Fig. 2(c)). 

In Fig. 3(b), the trends for photoresist LER are reported as a function of MSR (reported in 
nm, 3σ): the speckle contribution is clearly visible for MSR>500 pm rms. This is also evident 
from the different SEM micrographs reported in Figs. 3(c) and 3(d): for MRS = 1110 nm rms 
bridging between lines is noticed. LER variations for structures with MRS below 480 nm are 
considered within the measurement error [26]. The higher aerial image contrast is responsible 
for the overall lower LER for lines exposed with the Dipole-60 off-axis illumination [27]. 
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2.3 Speckle response to different illumination settings 

To verify that the detrimental effect on LER is effectively caused by the speckle effect, PSD 
analysis of photoresist edges was performed with LERDEMO software by Demokritos [28]. 
Using Fourier analysis, and knowing that different illuminations have a different frequency 
cut-off, we are able to quantify any roughness variation due to the speckle effect in the 
frequency domain. For the Conventional case, the frequency cut-off is given by the Rayleigh 
principle which defines the theoretical resolution limit of a lithographic optical system [29]: 

 ( ) ( ) 11 34cut off out

NA
f Conventional mσ μ

λ
−

− = + =  (2) 

For the Dipole-60, the fcut-off can be found solving the system for the tangency condition (point 
p of Fig. 2(b)) between a straight line with m = 0.5 (sin(α/2) with α = 60) and the 
circumference (pupil) centered in o(0,0) and radius 1 (NA/ λ): 

 2 2 1

y mx q

x y
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 + =
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The tangency condition is found for the positive q: 
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For the considered illumination, using Eqs. (2) and (4), it is so possible to demonstrate that: 

 ( ) ( )1 134 60 20.7cut off cut offf Conventional m f Dipole mμ μ− −
− −= =  (5) 
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Fig. 3. (a) Exposure energies and (b) LER upon mask surface roughness for Conventional 
(blue) and Dipole-60 (red) illumination. Below, top-down SEM micrographs for 54 nm 
line/space gratings exposed with (c) Conventional and (d) Dipole-60 illumination at different 
mask surface roughness. On the right, the speckle patterns are also shown [18]. 

In Fig. 4, the PSD analyses performed on SEM micrographs of photoresist lines exposed 
with Conventional and Dipole-60 illuminations are illustrated for the 9 different MSR 
modules considered. By using the Parseval theorem for Discrete Fourier Transform analysis, 
it can be show that the area subtended by each PSD curve is proportional to LER2 reported in 
Fig. 3(b). For both graphs, it is observed that the speckle effect caused by the aggravated 
MSR increases the PSD amplitudes just for the frequencies below the cut-off. 

We have also been able to capture a second effect due to the different speckle patterns 
generated by Conventional and Dipole-60 illuminations. The speckle pattern is strongly 
illumination shape-dependent [7,18,30]. Due to the intensity distribution in the pupil, the 
speckle pattern for Conventional illumination is expected to vary in size as well as orientation 
due to its circle-symmetry, while for Dipole-60 illumination the size variation is limited 
because of its smaller size and is characterized by a privileged orientation perpendicular to the 
poles arising from the limited angular distribution in the pupil [18, 30]. Moreover, due to the 
higher spatial coherence, the speckle contrast for Dipole-60 illumination is higher than for 
Conventional case (Figs. 3(c) and 3(d), right). This is reflected in a more pronounced effect 
on LER in the photoresist. In the graph of Fig. 5, the variation of LER is plotted as a function 
of the exposure intensity variation, both normalized to the reference MSR case. Through a 
linear fit, it is possible to see how the slope for the Conventional illumination is slightly but 
clearly lower when compared to the Dipole-60. This demonstrates that a more performing off-
axis illumination can increase the speckle contrast, resulting in an aggravated LER response. 
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Fig. 4. PSD analysis of line edge roughness for 54 nm line/space gratings exposed with (a) 
Conventional and (b) Dipole-60 illuminations. The black line correspond to the reference 
modules (AFM = 60 pm), the other mask surface roughness conditions are represented 
following the roygbiv color code from violet (low rms) to red (high rms). The dashed grey 
lines represent the fcut-off for each illumination condition. 

 

Fig. 5. LER variations upon exposure energy variation normalized on the reference case for 
Conventional (blue) and Dipole-60 (red) illumination. The solid lines represent a linear fitting 
of the data. In the graph, fitting equation and R2 values are also reported. 

3. Discussion 

The surface roughness of an extreme UV mask increases the speckle patterning contrast due 
to optical path mismatch and random phase errors of the extreme UV light reflected by the 
mask used to print nanoscale features on a wafer. With the engineered mask presented in this 
work, we have been able to quantify the speckle effect for lithographic EUV exposures in the 
state-of-the-art photoresist material. 

As shown in Fig. 3, high mask surface roughness gives rise to two primary effects. First, it 
decreases the number of photons at the wafer level for a given source power, and secondly, it 
increases the photoresist roughness, thereby compromising the lithographic performance. 

The experimental results obtained with two illumination shapes allow us to capture two 
other important effects. First, performing a Fourier analysis of the line edge roughness allows 
us to discriminate the illumination-dependent frequency cut-off (Eq. (5)) of the speckle effect. 
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Second, the speckle effect increases line edge roughness more rapidly for the Dipole-60 
compared to the Conventional illumination (Fig. 5). 

The method presented above allowed us to capture the speckle phenomenon performing 
frequency analysis on top-down SEM feature images. The results qualitatively confirmed the 
predictions made in previous works. However, the quantitative impact of the speckle effect on 
line edge roughness is less than expected. The simulations predict a non-negligible speckle 
contribution to the photoresist roughness for mask surface roughness higher than 50 pm, but 
in our experiments the photoresist performance starts degrading for mask surface roughness 
values 10 times higher. 

Considering the main challenges which extreme UV lithography must still overcome in 
order to be considered viable for high volume manufacturing, this work reveals that a further 
improvement of existing mask manufacturing processes will likely not be translated in 
improvement of line edge roughness in photoresist pattern. 
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