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Abstract. Extreme ultraviolet (EUV) imaging tools play a crucial role in EUV lithography. Achieving high accuracy 11 
in EUV metrology is essential for advanced semiconductor manufacturing. Thorough characterization of the 12 
instrumentation in use is required. Binary Pseudo Random Arrays (BPRA) are an established standard for calibrating 13 
and characterizing optical instruments in the frequency domain. This work expands the BPRA standard to applications 14 
in EUV imaging. To extend the technology to the EUV spectral range, a high-resolution BPRA target with a smallest 15 
feature size of 40-nm is developed. The EUV BPRA target establishes an in-situ and portable calibration and alignment 16 
standard for EUV imaging. The target is patterned by means of electron-beam lithography, using a nickel absorber 17 
with a thickness of 39 nm. The substrate is a 4” silicon wafer with a molybdenum/silicon multilayer coating. To 18 
demonstrate the efficacy of the target and develop the instrument calibration protocol, the target is imaged on the 19 
SHARP EUV mask microscope. Power Spectral Density (PSD) data are presented. The characteristics of the imaging 20 
system are imprinted on the PSD. The Modulation Transfer Function (MTF) is extracted from the PSD data. A partially 21 
coherent imaging model is used as a reference to the experimental results. 22 
 23 
Keywords: Binary Pseudo Random Array, BPRA, EUV mask, photomask, SHARP, partially coherent imaging, 24 
MTF, modulation transfer function. 25 
 26 
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 28 

1 Introduction 29 

Extreme Ultraviolet (EUV) lithography entered high-volume manufacturing in 2019. The most 30 

advanced chips, often containing tens of billions of transistors, are produced using this technology. 31 

mailto:mpbenk@lbl.gov
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To produce a chip, patterns need to be transferred to the wafer from a set of photomasks in a series 32 

of exposures. The 3-nm technology node contains about 20 EUV layers. The lithographic process 33 

has to be more or less free of errors and the photomasks have to be defect free. The semiconductor 34 

industry uses a variety of EUV imaging tools1–3 to assess the performance of a mask blank or 35 

photomask, identify defects, or verify the printability of a feature after repair. EUV imaging tools 36 

are also used in research and development towards future nodes of EUV lithography and for the 37 

evaluation of advanced mask architectures and absorber materials.4,5 Such instruments play a 38 

crucial role in EUV lithography. In order to obtain accurate results at all times and assure seamless 39 

integration into the lithographic process, the imaging performance of these instruments has to be 40 

closely monitored. A variety of imaging tests are used across the industry, often involving 41 

proprietary patterns, techniques or metrics, making it difficult to share, discuss and compare 42 

results. 43 

Binary Pseudo Random Arrays (BPRA) and the corresponding metrology framework are a 44 

well-established standard for calibrating microscopes, interferometers, surface profilers and other 45 

optical instruments.6–8 BPRAs feature a flat power spectral density (PSD). The modulation transfer 46 

function (MTF) of the instrument under investigation can be extracted from the measured image 47 

PSD and inherent PSD of the target. 48 

This work expands the BPRA metrology standard to EUV imaging. A BPRA target on an EUV 49 

photomask provides a portable in-situ calibration standard for characterizing EUV imaging tools 50 

in the frequency domain. Such a standard enables monitoring the imaging performance of an 51 

instrument over time, comparing different instruments, or evaluating different copies of the same 52 

instrument at different locations. 53 

2 Target Fabrication 54 

To allow for an accurate calibration across the entire spatial-frequency range of the instrument, the 55 

smallest feature size of a BPRA should be smaller than the resolution limit of the instrument. For 56 

a diffraction-limited imaging system using off-axis illumination, the resolution limit (smallest 57 

critical dimension CD) is given by: 𝐶𝐷 = 0.25 ∙ (𝜆 𝑁𝐴⁄ ). The corresponding spatial frequency is 58 

1 (2𝐶𝐷) = 2𝑁𝐴 𝜆⁄⁄ . For the 0.33 numerical-aperture (NA) generation of EUV lithography9 (at a 59 

wavelength l of 13.5 nm), the smallest CD is ~10 nm. For the 0.55 High-NA generation of EUV 60 

lithography,10 currently under development, the smallest CD is ~6 nm. The corresponding mask-61 
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side feature sizes (at 4x demagnification from the mask to the wafer) are 40 nm for the current 62 

0.33NA generation and 24 nm at High-NA. 63 

EUV photomasks work in reflection. To achieve useful reflectivity at a wavelength of 13.5 nm, 64 

a multilayer coating is required. The photomask consists of a 6” x 6” flat glass substrate with a 65 

Molybdenum/Silicon multilayer coating and an absorber material on top. Electron-beam 66 

lithography is used to pattern the absorber. Photomasks can be patterned at a commercial mask 67 

house but the cost is outside the scope of the work presented here. The EUV BPRA prototype uses 68 

a 4” silicon wafer as a substrate. Wafers meeting the roughness requirement for EUV imaging are 69 

readily available and the overall flatness of the substrate is not a concern for the application since 70 

the target pattern size is well below 100 µm. The standard EUV absorber material is tantalum 71 

boron nitride (TaBN)11 with a thickness in the range of 60 nm to 70 nm. Alternative absorber 72 

materials are a subject of active research.12,13 At a feature size of 40 nm, a 60-nm thick absorber 73 

layer is taller than the width of the feature. To separate the illuminating and imaging ray cones in 74 

EUV lithography, the mask is illuminated at, and imaged from an angle of six degrees to the 75 

surface normal. (High-NA EUV lithography uses a slightly smaller angle.) The 3D nature of the 76 

absorber pattern on top of the multilayer and the oblique illumination cause mask 3D effects that 77 

negatively impact the aerial image. High-k absorber materials with an increased absorption can 78 

achieve contrast similar to TaBN at a reduced film thickness. The letter k represents the extinction 79 

coefficient of the material. Mask 3D effects are reduced and the image fidelity is increased for a 80 

range of patterns and imaging conditions. Nickel is one of the high-k absorber materials under 81 

consideration for EUV photomasks. Having access to a suitable patterning process, nickel is 82 

chosen as the absorber material for the EUV BPRA target. Both the absorption and the phase shift 83 

within the absorber layer affect the contrast of a photomask. Taking both mechanisms into account, 84 

an absorber thickness of 39 nm is targeted for the EUV BPRA standard. 85 

The resist is patterned using electron-beam lithography in a lift-off process. A smallest feature 86 

size of 40 nm is used for the first iteration of the EUV BRRA target. Figure 1 shows an electron-87 

microscopic image of a region within the BPRA with a smallest feature size of 40 nm, displaying 88 

adequate pattern fidelity. A smallest feature size of 40 nm is state of the art for EUV photomasks. 89 

Smaller feature sizes are required for future nodes of EUV lithography, and for applications like 90 

sub-resolution assist features. For the next iteration of the EUV BPRA standard, a smallest feature 91 

size of 20 nm is targeted. 92 
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Fig. 1 Scanning-electron microscopic image, showing a region of the BPRA target with a smallest feature size 93 

of 40 nm. The target is patterned using a 39-nm thick nickel absorber on a 4” silicon wafer with a 94 
molybdenum/silicon multilayer coating. 95 

3 Model of the Apparent Modulation Transfer Function 96 

In this section, an imaging model is discussed as a reference for the experimental results, presented 97 

in section 4. The illumination used in EUV lithography should be treated as partially coherent. In 98 

the EUV scanner, light from a plasma source is collected and directed at the photomask by an 99 

illuminator. The illuminator controls the source angular spectrum of the illumination, or pupil fill. 100 

Within the optical train, the light is reflected by a number of multilayer mirrors with a narrow 101 

spectral bandwidth. Therefore, the light is quasi-monochromatic. EUV imaging tools may use 102 

technologies different from the EUV scanner to control the source angular spectrum, but the 103 

characteristics of the illumination at the photomask remain the same. 104 

The source angular spectrum of the illumination defines the coherence properties of the light. 105 

In EUV lithography, the pupil fill is tailored to the characteristics of the pattern to be printed. There 106 

are standard pupil fills14 that provide adequate imaging performance for common lithographic 107 

patterns. The pattern to be printed and pupil fill can also be co-optimized (source mask 108 

optimization14), leading to a unique freeform pupil fill providing the highest imaging performance 109 

for the metric targeted in the optimization. 110 

Hopkins’ method is a commonly used formulation of partially coherent imaging. It involves a 111 

function called transmission cross coefficient (TCC). In the literature, often the intensity of the 112 

image is discussed as a function of the transmission cross coefficient. Goodman15 discusses the 113 

image intensity spectrum, or power spectral density FI as a function of the TCC. 114 

 115 
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 𝐹!(𝑓′′, 𝑔′′) = 𝑇𝐶𝐶 ⋅ ∬ 𝐴(𝑓′, 𝑔′) ⋅ 𝐴∗(𝑓# − 𝑓′′, 𝑔# − 𝑓′′)𝑑𝑓′𝑑𝑔′$
$  (1) 116 

 𝑇𝐶𝐶(𝑓′, 𝑔′, 𝑓′′, 𝑔′′) = ∬ 𝑆(𝑓	, 𝑔)	𝑃(𝑓′ − 𝑓, 𝑔′ − 𝑔)$
$ 𝑃∗(𝑓′ − 𝑓 − 𝑓′′	, 𝑔′ − 𝑔 − 𝑔′′)	𝑑𝑓𝑑𝑔 (2) 117 

Symbol A represents the object amplitude spectrum. The integral in Eq. (1) corresponds to the 118 

object intensity spectrum, or object power spectral density. The TCC contains the source angular 119 

spectrum S, pupil function P of the imaging system, and the complex conjugate of the pupil 120 

function. The TCC describes the properties of the imaging system and illumination. It is 121 

independent of the object. For a circular, binary, and real source angular spectrum and pupil 122 

function, the TCC corresponds to the normalized area of overlap of three circles S, P, and P* in 123 

the frequency domain.15 124 

If the object PSD is constant over a spatial frequency domain larger than the resolution limit 125 

of the imaging system, the image PSD is an instance of the TCC. If the object PSD is known, an 126 

instance of the TCC can be computed from the image PSD. 127 

The TCC is a function of four spatial frequencies, making it computationally intensive and 128 

inconvenient. In response, Kintner16 introduces function 𝑄(𝑓′, 𝑔′) = 𝑇𝐶𝐶(𝑓′, 𝑔′, 0,0). He points 129 

out that despite not offering a complete description of partially coherent imaging, function Q 130 

correctly describes the edge response of a partially coherent imaging system in terms of intensity. 131 

Since the edge response is closely related to the point spread function and MTF of an imaging 132 

system, function Q is useful for the description of a partially coherent imaging system. If the pupil 133 

function is circular, binary, and real, and the extent of the source angular spectrum is limited to the 134 

size of the pupil, Q corresponds to the cross correlation between the source angular spectrum and 135 

the pupil. At the incoherent limit, where the source angular spectrum is uniform and the same size 136 

as the pupil, Q equals to the MTF of an incoherent imaging system. At the coherent limit, where 137 

the source angular spectrum is the delta function, Q equals to the amplitude transfer function of a 138 

coherent imaging system. In many optical instruments, the illumination has a uniform source 139 

angular spectrum with an angular extent smaller than the pupil. The ratio between the angular 140 

extent of the illumination pupil and imaging pupil is commonly described by the parameter s. The 141 

coherent limit corresponds to a s of zero and the incoherent limit corresponds to a s of 1. 142 

The concept of a transfer function applies to linear systems. Incoherent imaging systems are 143 

linear in intensity. Coherent imaging systems are linear in amplitude. Partially coherent imaging 144 

is not linear. The term apparent MTF can be used to refer to partially coherent imaging systems. It 145 

describes an instance of the modulation transfer, realized for a given system, object and 146 
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illumination. Figure 2 shows the cross correlation between the source angular spectrum and 147 

imaging pupil for a partially coherent imaging system with a s of 0.5. The apparent MTF of the 148 

system is a cross-section through the 2D cross correlation. 149 

 
Fig. 2 Partially coherent imaging model: source angular spectrum, imaging pupil, cross correlation of the source 150 

and pupil, and corresponding apparent modulation transfer function. 151 
 152 

Figure 3 shows the apparent MTF curves for a number of imaging systems with s values from 153 

zero to one, computed using this approach. Similar plots of the apparent MTF for imaging systems 154 

described by parameter s can be found across the literature, e.g., in Ref. 17. The cross correlation 155 

between the source angular spectrum and the pupil can also be used to describe imaging systems 156 

with a non-circular source angular spectrum or pupil shape. 157 

 
Fig. 3 Apparent modulation transfer functions of a partially coherent imaging system with illumination s values 158 

from zero to one. 159 
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4 Imaging Results 160 

The Sharp Hyper-NA Actinic Reticle Review Project (SHARP)18 is an actinic EUV photomask 161 

microscope at beamline 11.3.2 of the Advanced Light Source at Lawrence Berkeley National 162 

Laboratory. The instrument was commissioned in 2013, before the introduction of EUV 163 

lithography into high-volume manufacturing. SHARP is designed to advance research and 164 

development in EUV lithography and photomask technology. The instrument is a full-field 165 

microscope using Fresnel zoneplate lenses as imaging optics and a Fourier synthesis illuminator 166 

to produce arbitrary source angular spectra. SHARP emulates the image formation in current and 167 

future EUV scanners and other EUV instruments by matching the source angular spectrum and 168 

mask-side imaging pupil. 169 

The use of the EUV BPRA standard is demonstrated on the SHARP microscope. The wafer 170 

target is mounted on top of a mask substrate and then imaged on the tool. Image data are recorded 171 

using different pupil fills and two different zoneplate lenses. One of the zoneplates matches the 172 

mask-side NA of the 0.33NA EUV scanner. The other zoneplate matches the mask-side NA of the 173 

0.55 High-NA EUV scanner. The 0.33NA scanner works at 4x demagnification from the mask to 174 

the wafer. The 0.55NA scanner uses an anamorphic imaging system with a 4x demagnification in 175 

the x-direction, and 8x demagnification in the y-direction. The mask-side pupil is an ellipse. The 176 

system also has a central obscuration with an angular extent of 0.2 s. The two zoneplates are 177 

referred to as the 0.33 4xNA zoneplate, and 0.55 4x/8xNA zoneplate. 178 

As the BPRA target is imaged onto a pixelated image sensor, the pattern is resampled. If the 179 

pixel size of the image sensor, projected onto the object plane, is smaller than the smallest feature 180 

size CD of the BPRA (i.e., oversampling), the flat PSD of the array is transferred to a sinc-square 181 

shaped resampled PSDS:19 182 

 𝑃𝑆𝐷% = 4&'((*∙,-∙.)
*∙,-∙.

5
0
 (1) 183 

The reshaping of the PSD is separate from the impact of the imaging system. Figure 4 shows the 184 

resampled PSDS of the BPRA target with a CD of 40 nm. Resampling reduces the PSD for spatial 185 

frequencies below the maximum spatial frequency 1/(2CD) of the original array. At 1/(2CD), PSDS 186 

has a value of 0.4. Spatial-frequency content is added above 1/(2CD). The spatial frequencies 187 

2NA/l, corresponding to the resolution limits of the 0.33 4xNA zoneplate (NA1) and 188 

0.55 4x/8xNA zoneplate (NA2) are marked on the plot. For the 0.55 4x/8xNA zoneplate, the 189 
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resolution limit in the x-direction is used. It is worth noting that PSDS does not depend on the 190 

projected pixel size of the image sensor, as long as it is smaller than the minimum feature size of 191 

the array. 192 

 
Fig. 4 Power spectral density of a binary pseudo random array with a smallest feature size of 40 nm, resampled to a 193 

projected pixel size of less than 40 nm. 194 
 195 

At the resolution limit of the 0.33 4xNA zoneplate, PSDS is above 0.4. The BPRA target is suitable 196 

for the 0.33NA generation of EUV lithography. At the resolution limit of the 0.55 4x/8xNA 197 

zoneplate, PSDS is below 0.05. The CD of the BPRA target is insufficient for High-NA EUV 198 

imaging. Since the resolution limit of the 0.55 4x/8xNA zoneplate lies before the first zero point 199 

of the sinc-square function, the BPRA target can be used for a High-NA imaging demonstration 200 

with limited accuracy. 201 

Linear-scale false-color PSD data, computed from SHARP image data of the BPRA target, are 202 

shown in Figure 5. To remove the impact of resampling on the spectra, the raw PSD data are 203 

divided by PSDS. The spectra are distinctly different. The properties of the imaging system and 204 

illumination are imprinted on the spectra, including the shape of the aperture, presence of a central 205 

obscuration, and the source angular spectrum. The spectra show the resolving power of the 206 

corresponding imaging configurations in two dimensions. Aberrations, misalignment, and 207 

inaccuracies in the pupil fill or aperture shape show in the PSD data. The spectra in the first column 208 

of Figure 5 are recorded using coherent illumination (s ≈ 0). The measured PSD is expected to 209 

reproduce the shape of the corresponding imaging pupil. For the 0.55 4x/8xNA zoneplate, the 210 
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central obscuration blocks the zero diffraction order for on-axis illumination. This causes 211 

frequency doubling in the image. The resulting PSD matches the corresponding pupil shape but is 212 

twice as large in the frequency domain. 213 

 

 
Fig. 5 Linear-scale false-color power spectra of image data of the binary pseudo random array target, imaged on the 214 

SHARP EUV microscope, using different zoneplate lenses and pupil fills. 215 
Figure 6 shows the cross correlation between the pupil of the 0.33 4xNA zoneplate and a pupil fill 216 

called quasar illuminator. The measured PSD for this imaging configuration, corrected for 217 

resampling, is shown next to the cross correlation. There is qualitative agreement between the 218 

model and measured data. The measured spectrum shows a reduction in power for higher spatial 219 

frequencies. The corresponding loss in modulation is more pronounced in the y-direction. In this 220 

case, the loss in modulation is caused by chromatic aberration. The SHARP microscope uses 221 

zoneplate lenses in an off-axis configuration. These zoneplates have a non-uniform spectral-222 

bandwidth requirement. The spectral bandwidth used during data acquisition meets the 223 

requirement of the zoneplate for the x-direction (vertical features), but not for the y-direction 224 

(horizontal features). The corresponding chromatic blur can be corrected by reducing the spectral 225 

bandwidth of the beamline at the expense of flux. 226 
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Fig. 6 Partially coherent imaging model: source angular spectrum (quasar illuminator), imaging pupil, cross 227 
correlation of the source and pupil, and measured power spectral density (0.33 4xNA zoneplate), corrected 228 

for resampling. 229 
 230 

Figure 7 shows the cross correlation between the pupil of the 0.55 4xNA/8x zoneplate and a 231 

quasar45 illuminator, as well as the measured PSD for this imaging configuration, corrected for 232 

resampling. There is again qualitative agreement between the model and measured data. The 233 

elliptical aperture and the presence of a central obscuration can be observed in the data. For a given 234 

illumination angle, the central obscuration blocks the plus or minus first diffraction order for a 235 

range of spatial frequencies. In case the opposite diffraction order falls outside the pupil, the 236 

corresponding spatial frequency is not transmitted by the imaging system, causing dark regions 237 

within the spectrum. The bright regions along the x and y axes indicate strong modulation in the 238 

image for horizontal and vertical features. For the corresponding spatial frequencies, all four poles 239 

of the illuminator contribute to the image. The 0.55 4x/8xNA zoneplate has a lower numerical 240 

aperture in the y-direction, a reduced chief-ray angle, and shorter working distance. These 241 

properties relax the spectral bandwidth requirement of the zoneplate. There is no noticeable 242 

chromatic aberration found in the High-NA image data. 243 
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Fig. 7 Partially coherent imaging model: source angular spectrum (anamorphic), imaging pupil (anamorphic, 244 

centrally obscured), cross correlation of the source and pupil, and measured power spectral density 245 
(0.55 4x/8xNA zoneplate), corrected for resampling. 246 

 247 
Figure 8 shows the apparent 1D MTF in x and y for the 0.33 4xNA zoneplate, using a disk 248 

illuminator. To compute the data, instead of computing a 2D PSD, 1D PSD data are computed 249 

from the image line by line for the two orientations. For a given spatial frequency of the single-250 

line PSD, the variance equals the ensemble-average PSD value at that frequency. The noise in the 251 

PSD is reduced by averaging over N=278 lines, corresponding to a 3-µm region of interest (ROI). 252 

The single-lens imaging system of the SHARP microscope achieves diffraction-limited imaging 253 

performance over an area of a few micrometers at the center of the field of view. The useable ROI 254 

is limited by field-dependent aberrations. Greater noise reduction in the PSD can be achieved for 255 

imaging systems with a larger diffraction-limited field of view. 256 

The averaged PSD data are corrected for the impact of resampling. Piecewise second-order 257 

polynomial fitting is used to display monotonous graphs across the noisy data. The actual 258 

datapoints are also shown. The nominal apparent MTF for 0.85-s  illumination is shown for 259 

reference. The data are recorded at a target s of 0.95. The MTF extracted from the data exceeds  260 

the 0.95-s nominal apparent MTF for low spatial frequencies. The high spatial-frequency content 261 

is reduced. The shape of the measured MTF curve suggest that the effective s of the illumination 262 

for the corresponding image data is lower than 0.95. 263 

For the most part, the difference between the measured MTF in x and y can be attributed to 264 

chromatic aberration, as discussed earlier. The difference in shape between the two curves also 265 

suggests a slight difference in effective s between the two orientations. 266 
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Fig. 8 Apparent 1D modulation transfer function of the 0.33 4xNA zoneplate in x and y, using disk illumination 267 
(measured data points, and piecewise second-order polynomial fits), and nominal apparent modulation transfer 268 

function of a diffraction-limited imaging system at an illumination s of 0.85. 269 
 270 

5 Summary and Outlook 271 

BPRA targets are an established standard for calibrating and characterizing optical instruments in 272 

the frequency domain. This work expands the BPRA standard to applications in EUV imaging. A 273 

BPRA target with a smallest feature size of 40 nm is fabricated on a silicon wafer with an EUV 274 

multilayer coating. The target uses a 39-nm thick nickel absorber. The target is imaged on the 275 

SHARP EUV mask microscope under different imaging conditions. The properties of the imaging 276 

system and illumination are imprinted on the corresponding PSD data, including the shape of the 277 

aperture, presence of a central obscuration, and the effective source angular spectrum. The 278 

obtained PSD data are sensitive to aberrations, misalignment, and inaccuracies in the pupil fill. 279 

Extracting the apparent MTF for the corresponding imaging configuration from the PSD data is 280 

discussed. A partially-coherent imaging model is presented as a reference to the experimental 281 

results. The EUV BPRA target establishes an in-situ and portable calibration and alignment 282 

standard for EUV imaging. The smallest feature size of the BPRA target is well-suited for the 283 

0.33NA generation of EUV lithography. The next step is the development of a BPRA target with 284 

a smallest feature size of 20 nm to support the coming 0.55NA generation of EUV lithography. 285 
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Caption List 370 

 371 

Fig. 1 Scanning-electron microscopic image, showing a region of the BPRA target with a smallest 372 

feature size of 40 nm. The target is patterned using a 39-nm thick nickel absorber on a 4” silicon 373 

wafer with a molybdenum/silicon multilayer coating. 374 

Fig. 2 Partially coherent imaging model: source angular spectrum, imaging pupil, cross correlation 375 

of the source and pupil, and corresponding apparent modulation transfer function. 376 

Fig. 3 Apparent modulation transfer functions of a partially coherent imaging system with 377 

illumination s values from zero to one. 378 
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Fig. 4 Power spectral density of a binary pseudo random array with a smallest feature size of 379 

40 nm, resampled to a projected pixel size of less than 40 nm. 380 

Fig. 5 Linear-scale false-color power spectra of image data of the binary pseudo random array 381 

target, imaged on the SHARP EUV microscope, using different zoneplate lenses and pupil fills. 382 

Fig. 6 Partially coherent imaging model: source angular spectrum (quasar illuminator), imaging 383 

pupil, cross correlation of the source and pupil, and measured power spectral density (0.33 4xNA 384 

zoneplate), corrected for resampling. 385 

Fig. 7 Partially coherent imaging model: source angular spectrum (anamorphic), imaging pupil 386 

(anamorphic, centrally obscured), cross correlation of the source and pupil, and measured power 387 

spectral density (0.55 4x/8xNA zoneplate), corrected for resampling. 388 

Fig. 8 Apparent 1D modulation transfer function of the 0.33 4xNA zoneplate in x and y, using disk 389 

illumination (measured data points, and piecewise second-order polynomial fits), and nominal 390 

apparent modulation transfer function of a diffraction-limited imaging system at an illumination s 391 

of 0.85. 392 




