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Abstract.10

Background: Lithography advancements require resist layer thickness reduction, essential to cope with the low depth11

of focus (DOF) characteristic of high numerical aperture extreme ultraviolet lithography (HNA EUVL). However,12

such a requirement poses serious challenges in terms of resist process metrology and characterization, as patterns in13

thin resist suffer from low contrast, which may affect the performance of the edge detection algorithms used for image14

analysis, ultimately impacting metrology.15

Aim: Investigate e-beam imaging using low landing energy (LE) settings as a possible way to address the thin resist16

film metrology issues.17

Approach: A low-voltage aberration-corrected SEM developed at Carl Zeiss is to image three thin resist thicknesses18

and two different underlayers, at various LE and number of frames. All images are analyzed using MetroLER software,19

to extract the parameters of interest [mean critical dimension (CD), line width roughness (LWR), and linescan signal-to20

noise-ratio (SNR)] in a consistent way.21

Results: The results indicate that mean CD and LWR are affected by the measurement conditions, as expected.22

Imaging through landing energy unravels two opposing regimes in the mean CD estimate, the first in which the mean23

CD increases due to charging and the second in which the mean CD decreases due to shrinkage. Additionally, the24

trend between LE and linescan SNR varies depending on the stack.25

Conclusion: We demonstrated the ability of low-voltage aberration-corrected SEM to perform thin resist metrology26

with good flexibility and acceptable performance. The landing energy proved to be an important knob for metrology27

of thin resist.28

Keywords: thin resist, HNA EUVL, BKM, e-beam, LVSEM, landing energy, high resolution.29
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1 Introduction31

The transition towards high numerical aperture extreme ultraviolet lithography (HNA EUVL) is32

the natural progression of the semiconductor roadmap to enable future technology nodes (N2 and33

beyond) and to pattern sub-10 nm features. Resist film thickness has to scale to cope with the depth34

of focus (DOF), as per the second Rayleigh equation, which decreases by the square of the numeri-35

cal aperture.1 Additionally, a pattern aspect ratio of 2:1 between the height and width is required to36
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prevent pattern collapse. Advanced technology nodes in high-NA EUV environment are expected37

to require resist thickness in the range 10-20 nm for line and space features (LS). These thick-38

nesses may pose serious challenges in terms of resist metrology and characterization, affecting the39

Signal-to-Noise ratio (SNR) in critical dimension scanning electron microscopy (CDSEM) as well40

as in other metrology tools, ultimately impacting precision, roughness, and CD measurements.241

A possible way to address these challenges consists in using a primary electron beam at lower42

landing energies (LE). Lower landing energies are attractive for imaging the thin resist because of43

the smaller interaction volume between the electrons and the sample, hence higher lateral surface44

sensitivity. Additionally, the imaging contrast can be controlled by changing the landing energy.345

In general, in the case of thinner resist, the pattern is expected to have a better contrast at such46

lower landing energies, where the interaction volume is smaller, as illustrated in figure 1 (A) for47

a situation where the underlayer is not charged. The trend will depend however on the materials48

used in the stack.49

The resist line and the underlayer space regions are directly irradiated by the e-beam during50

measurements. The resists and underlayers have distinct chemical composition, therefore their sec-51

ondary electron emission yields are different. Considering the typical secondary (or total) electron52

emission yield curves of the material, the yield becomes larger than 1 when lowering the landing53

energy. In this regime, the number of secondary electrons emitted from the resist line is larger than54

the number of primary electrons penetrating the sample, so that the surface will become positively55

charged.3–5 However, although charging of the resist and the underlayer is expected when shifting56

towards the low landing energy regime, the charging artifacts will have different magnitudes, as57

they depend on the different material yield curves for resist and underlayer. Moreover, the tra-58

jectory of the emitted electrons from the resist line edge might be influenced by charging in the59
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underlayer as shown in figure 1 (B). This effect will introduce additional artifacts related to the60

specific materials stack being used.61
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Fig 1 (A) Interaction volume for high and low landing energy on thick and thin resist. (B) Effect of a charged
underlayer on the emitted secondary electrons for thick and thin resist.

Even though imaging with low energy e-beam has its advantages, it is technically challenging62

to build a microscope capable of meeting the tight requirement in this regime. In fact, chromatic63

aberrations and the energy spread may lead to reduction in resolution, increasing the beam diame-64

ter, and deteriorating imaging contrast. Moreover, the electron wavelength is inversely proportional65

to its energy, so that low energy electrons have larger wavelengths, causing electron diffraction and66

reduced depth of field.6 Furthermore, additional challenges appear in the electron-optical system67

when shifting towards low beam energies, because of the degraded performance of emitters at68

such energies. In state-of-the-art instruments, these issues are addressed by designing the columns69

specifically to decelerate electrons to lower energies (either at the sample stage or in the column)70
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while the electron source emits at constant operating energies.7 The SEM apparatus used in this71

study is specifically designed to achieve low landing energies and to reduce diffraction and aberra-72

tions in order to maintain high resolution in the low landing energies regime, as it will be explained73

in the next section.74

In this paper, we investigate in detail the influence of using low landing energy and varying75

integration frame number on thin resist metrology for EUVL. Mean CD, shrinkage, linescan SNR,76

line width roughness are investigated for thin film thicknesses (30, 20, and 15 nm) and underlayer77

type [spin-on glass (SOG) and organic underlayer (UL)].78

2 Experiment79

2.1 Wafer Stack and Materials80

In this study a positive tone, chemically amplified EUV resist at three resist thicknesses (nominally81

coated at 30, 20, and 15 nm) is used. The resist is patterned on two underlayers, either a siloxane-82

based spin-on glass (SOG) or a carbon-based organic underlayer (O-UL). The experiment included83

four conditions, three resist thicknesses at 30, 20, 15 nm on SOG underlayer, plus one condition at84

15 nm resist thickness on O-UL. All wafers were patterned with an ASML full-field NXE: 340085

scanner, with 1:1 line and space (LS) pattern at 32 nm pitch. Atomic force microscope (AFM)86

measurements for the final resist array height after patterning were performed, resulting in 11.887

nm for the 15 nm nominal resist on SOG, 16.1 nm for the 20 nm nominal resist on SOG, 19.6 nm88

for 30 nm nominal resist on SOG, and 11.4 nm for 15 nm nominal resist on O-UL.89
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Table 1 Summary of the wafer stack thicknesses, underlayers type and SEM measurement conditions in this experi-
ment.

Resist thickness Resist thickness Underlayer SEM landing SEM number
(nominal) (nm) (AFM) (nm) type energy (eV) of frames

30 19.6 SOG 500, 300, 200, 150 24, 18, 12, 9, 6
20 16.1 SOG 500, 300, 200, 150 24, 18, 12, 9, 6
15 11.8 SOG 500, 300, 200, 150 24, 18, 12, 9, 6
15 11.4 O-UL 500, 300, 200, 150 24, 18, 12, 9, 6

2.2 Low Voltage SEM Apparatus Description90

In a typical e-beam microscope operating at ultra-low landing energies regimes, the electron91

diffraction effects as well as the spherical and chromatic aberrations impose limits on the mini-92

mum achievable resolution. The SEM apparatus used in this study is an aberration-corrected SEM93

developed at Carl Zeiss.8 The electron column of this microscope is specifically designed to reduce94

dispersion, astigmatism, aberrations, and image distortion to maintain high lateral resolution (0.695

nm) even at such ultra-low landing energy regime.96

The column is equipped with an electron mirror and a beam separator, in addition to the electron97

gun and condenser lenses, as illustrated in figure 2. Within the whole column, the average kinetic98

energy of electrons is fixed to a constant value. To achieve a particular low landing energy at the99

sample, electrons are decelerated only at the end of the objective lens.100

The primary electron beam is generated by the thermal field emission gun and focused with101

the condenser lenses on the beam separator. The three electrostatic condenser lenses adjust the102

probe current by changing the illuminated area of the aperture and control the magnification at a103

constant intermediate image plane. The electron beam passes through the beam separator into the104

mirror section, where the beam is being decelerated towards the mirror plane. At the mirror plane,105

predefined negative chromatic and spherical aberrations are applied. After reflection at the mirror,106

the beam is accelerated towards the beam separator again and guided to the objective lens. While107
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passing the objective lens, the beam is decelerated to its final landing energy and the positive lens108

aberrations are cancelled out by previously infixed negative aberrations.109

Fig 2 Schematic view of the mirror-corrected scanning electron microscope used in the study.8

2.3 SEM Measurement Conditions and Analysis110

A pixel size of 0.6 nm is used for all the measurements in this experiment. Four landing energies111

are considered: 500, 300, 200, and 150 eV. The second metrology knob we used is the number of112

frames of integration, in order to study the effect of frame averaging on the measurements. Aver-113

aging of 6, 9, 12, 18, and 24 frames for all landing energies is studied. Other SEM measurements114

parameters are fixed, specifically, a probe current of 15 pA, a number of pixels in the field of view115

(FOV) of 2048x1536, and a pixel dwell time of 100 ns are used. For each condition, 30 differ-116

ent positions on the wafer are measured to provide sufficient data for the roughness unbiasing.9117

Each measurement has been statically repeated 5 times at the same position, in order to estimate118

CD shrinkage and measurement precision. Mean CD, linescan signal-to-noise ratio, and unbiased119

roughness were estimated by analyzing the images using Fractilia MetroLER software.120
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3 Results and Discussion121

3.1 Low Voltage SEM Image Visibility and Quality Metric for the Thin Resist122

A visual comparison of the low voltage scanning electron microscope (LVSEM) images for the123

30 and 15 nm thick resist on SOG and O-UL is shown in figure 3. Images are taken at the listed124

landing energies using 24 frames of integration. It is observed that the image contrast depends on125

the resist film thickness and the underlayer. The thin resist has less contrast, and the images change126

with the landing energies, as expected.127

150 eV200 eV300 eV

15 nm resist, SOG

15 nm resist, O-UL

500 eV

30 nm resist, SOG

100 nm

Fig 3 SEM images for the 30 and 15 nm resist with the SOG and O-UL captured at different landing energies and 24
frames.
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3.1.1 SNR with the Different SEM Conditions128

The signal-to-noise ratio (SNR) measured by MetroLER is used to quantify the CDSEM image129

quality in different conditions. The SNR is defined as the signal (difference between the minimum130

and maximum grayscale value for the feature average linescan) divided by the grayscale image131

noise (1σ). It is calculated for each individual feature, then averaged over the total number of132

features within the images.133

Figure 4 illustrates the effect of reducing the film thickness on the SNR at the different landing134

energies, as well as the impact of changing the number of frames. Thinner resist layers have lower135

SNR for all the SEM conditions. In addition, an enhancement of the SNR with the number of136

frames is observed. This is expected because of the decrease of the grayscale image noise from 6137

frames to 24 frames. Finally, the landing energy affects the resulted SNR, however, it’s difficult to138

identify a clear trend.139

Both resist and underlayer type are expected to affect the imaging. The influence of the under-140

layer becomes pronounced when varying the landing energy, because of the different secondary141

electron emission yield curves between the materials. In addition, when using thin resist, the in-142

teraction volume at higher landing energies extends beyond the resist thickness itself, to the under-143

layer material underneath the resist, thus leading to additional electrons emissions. For example,144

at 500 eV the penetration depth in resist is about 20 nm.10
145

Figure 5 depicts the linescan SNR trend with the landing energies for the two underlayers146

types (SOG and O-UL) at the same resist thickness (15 nm). In the case of the SOG, there is a147

slight dependence of the linescan SNR on the landing energy. On the contrary, the linescan SNR148

increases with the landing energy for the O-UL. Additionally, at low landing energies (150 and149
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200 eV), the wafer with SOG underlayer has better linescan SNR compared to the O-UL wafer.150

At higher landing energies (300 and 500 eV), the O-UL has better SNR compared to the SOG. In151

order to understand the possible cause of this, the two components of the linescan SNR (the signal152

and the grayscale noise parts) should be considered separately.153

Figure 6 plots the grayscale image noise and difference between the minimum and maximum154

of the resist linescan intensities for each wafer with the two variations of the underlayer at the155

different landing energies and number of frames. The first observation is that the grayscale image156

noise increases with higher landing energies which might indicate the effect of larger extended157

electrons emission from the underlayers underneath the resist lines because of the larger inter-158

action volume at these energies. Another factor is the dependence of the direct emission of the159

space region (underlayer) on the landing energy. Secondly, there is small difference between the160

grayscale image noise values comparing the two underlayers’ at landing energies of 200 to 500 eV.161

At 150 eV landing energy, the O-UL wafer has lesser noise compared to the SOG wafer. Consid-162

ering the signal part, the difference between the maximum and minimum of the grayscale value163

of the linescan stack with O-UL shows the increase with shifting to higher landing energies, on164

the other hand, there is slight change in the signal part with the landing energy in the SOG stack.165

This difference between the signal part from the two stacks might be accounted for by additional166

charging effects of the organic underlayer in the space region that eventually impact the secondary167

electrons emitted from the resist line edges. This illustrates the influence of the stack underlayer168

on the average linescans of the resist line and image grayscale noise, and points out the metrology169

challenges with the thin resist when only an underlayer change in the patterning stack can lead to170

the different metrology conclusions.171
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Fig 4 The effect of reducing the resist thickness on the linescan SNR at the different landing energies and number
of frames of integration. Thinner resists always show reduced linescan SNR compared to thicker resists at the same
measurement conditions.
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Fig 5 The linescan SNR ratio dependence on the underlayer (O-UL & SOG) at the same resist thickness of 15 nm.
Depending on the underlayers, different trends are observed between the SNR and the LE.

Finally, we would like to note that, for each landing energy working point, all images are taken172

with automatic brightness and contrast adjustment of the photomultiplier tubes (electrical offset173

and amplification), the PMTs were set to optimal histogram spread with respect to brightness and174

contrast. This can add uncertainty in the values of the signal and noise reported in this section175

through the LE. However, this is the standard setup for acquiring the images in any SEM tool.176
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Fig 6 The linescan signal and grayscale image noise plotted separately for the different landing energies and number
of frames for the two stacks of SOG and O-UL for the 15 nm resist. The landing energy clearly affects the linescan
signal for the O-UL. The error bars on the data are contained in the size of the symbol.

3.2 CD Measurement with the Different SEM Conditions177

The feature width extracted from the CDSEM changes with the different measurement conditions.178

The measured critical dimension value depends on the complex e-beam and materials interactions,179

surface charging accumulation, physical slimming of the line, and carbon contamination artifacts180

combined. In the present work, the landing energy and number of frames of integration are the181

measurement conditions under investigation for the thin resist. The landing energy impacts the182

interaction volume, penetration depth, and additionally the surface charging. The number of frames183

controls the electron dose irradiated to the sample which causes the resist feature slimming and184

image noise level modulation.185

The mean CD is plotted for the available landing energies at the different number of frames186

for the 15 nm resist on SOG, as shown in figure 7. The mean CD is observed to vary with the187
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number of frames at a fixed landing energy or with the landing energy at a fixed number of frames.188

More specifically, at lower landing energies (150 eV and 200 eV) the mean CD increases when189

increasing the number of frames. On the contrary, at the higher landing energies (300 eV and 500190

eV), there is decrease in the mean CD when using more frames.191

At low LE, this magnification effect can be attributed to the phenomenon of positive surface192

charging of the resist line. The resist is a non-conductive organic material that accumulates charges.193

At low LE, because the electron interaction is shallow, when using more number of frames, the194

surface becomes more positively charged. More positively charged line gives an apparent larger195

CD. At higher LE (300 eV and 500 eV), the interaction volume is deeper, and in this regime196

positive surface charging is less. The decrease in the mean CD when using more frames can be197

attributed to resist physical shrinkage by increasing the electron dose.198

Surface charging and resist physical shrinkage artifacts are present simultaneously during the199

measurement, however, which artifact effect becomes dominant will depend on the different SEM200

conditions. These results have shown that there are two regimes depending on the LE in which201

either the positive surface charging or shrinkage effects dominate the mean CD measurement. In202

the low landing energy regime, increasing the number of frames biases the mean CD to larger203

values, and in the high landing energy regime, increasing the number of frames shrinks the line to204

smaller CD. Between these two regimes there is a flipping point that separates these two regimes.205

At this flipping point, the mean CD becomes least dependent on the number of frames used, so it206

is thought of as a balance point between the artifacts of charging and shrinkage biasing the mean207

CD estimate.208

These trends are consistent for the three resist thicknesses and the two underlayers variations209

investigated in this study as illustrated in figure 8. The variation in the mean CD values from wafer210
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to wafer is expected due to the difference in the resist thickness and underlayers, however, the211

trends between the mean CD and SEM conditions, the observation of the two regimes (charging212

and shrinkage), the presence of the flipping point are found in all wafers.213
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Fig 7 The mean line CD for the 15 nm resist on SOG extracted from SEM images with different landing energies and
number of frames. Depending on the LE, the CD estimate is dominated by either charging or shrinkage. Two regimes
are separated by a flipping point.
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3.2.1 CD shrinkage curves at the different landing energies214

The photoresist feature width reduces upon the exposure to electron beam irradiation. The mea-215

surement starts with an unknown value of the virgin resist line, and upon the act of measurements216

with the e-beam, there are physical and chemical-induced interactions between the e-beams and217

the resist polymers that cause cleavage from some chemical groups and generation of volatile218

products. This leads to feature shrinkage, also known as resist slimming. The first measurement219

will be biased with this shrinkage which causes the uncertainty in the CDSEM measurement. By220

repeating the measurement at the same location (static repeat), the feature further shrinks, and221

shrinkage curves can be constructed. These curves mainly describe the reduction of the mean222

CD upon repeating the measurement at the same location (static repeats or runs) for probing the223

material-related shrinkage trends and measurement precision calculations for the different SEM224

conditions.225

Figure 9 shows the shrinkage curves for the available resist thicknesses with the SOG and O-226

UL at the different landing energies and number of frames. The mean CD decreases upon repeating227

the measurements showing the shrinkage effects. At higher landing energy (300 eV and 500 eV),228

the whole curves shifts downwards when imaging with greater number of frames since the total229

dose increases. At low landing energies (150 eV and 200 eV), the curves shift upwards as the230

number of frames increases. As explained above, positive surface charging is evident at the low231

landing energy regime, which has its footprint in the shift of the whole shrinkage curves of the232

different number of frames.233

From these curves, the mean CD difference between run 1 and run 2 for all the wafers and234

CDSEM conditions is calculated. For the SOG wafer, less difference in the mean CD between235
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Fig 9 Shrinkage curves of the different landing energies and number of frames obtained for the available wafer stack.
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Fig 10 The mean CD difference between the first and second run for the 15 nm resist with the two available underlayers
of SOG and O-UL.

run 1 and run 2 is observed at the lower landing energies and using lower number of frames, as236

shown in figure 10. This is one of the important merits of shifting towards lower landing energies237

as the beam effects on the resist features are reduced. Contrary to the SOG stack, the mean CD is238
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observed to increase by repeating the measurements for the O-UL stack at lower landing energies239

of 150 eV and 200 eV. This further supports the possibility of surface charging of the O-UL space240

region that influences the resist line CD measurement. The SOG and O-UL have distinct chemical241

composition, therefore their charging response differs with the landing energies.242

3.2.2 Mean CD Precision243

Charging and shrinkage artifacts observed during measurements of the LVSEM are factors affect-244

ing the measurement precision, in addition to the smaller SNR observed for the thin resist. The245

carry-over corrected static CD precision has been calculated for all the SEM conditions of the246

landing energy and number of frames. For each SEM condition, 30 locations are measured, and247

for each location, five static repeats are performed without movement of the stage and a separate248

image is saved after each repeat. To calculate the image-based CD precision, firstly the mean CD249

for all the images from the 30 locations for each run is calculated. An average correction factor250

compensates for the shrinkage/charging artifacts for runs 2, 3, 4, 5, and it is calculated by subtract-251

ing the mean CD for each run (from the 30 available locations) from the mean CD of the first run252

(from the 30 available locations). Following the correction, the CD variance between the five runs253

is calculated for each measurement location. The CD precision value is 3 times the square root of254

the average variance between the five runs for all the 30 measurement locations. Figure 11 shows255

the image-based CD precision for the different SEM condition and resist thicknesses/underlayers.256

The precision values are acceptable for the low landing energies and thin resists.257
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Fig 11 Mean CD carry-over corrected static precision per image calculated for the different landing energies and
number of integration frames for the four available stacks under investigation.

3.3 Roughness258

The line width roughness (LWR) measurements were reported to depend on the image pixel size,259

the CDSEM image noise, number of integration frames.9 Within this study, the effect of the land-260

ing energy and number of integration frames on the measured unbiased LWR (uLWR) has been261

investigated. Figure 12 shows that the measured uLWR changes with the SEM measurement con-262

ditions of the landing energy and number of integration frames. The uLWR estimate appears to be263

affected by the landing energy and the number of frames of integration that modulates the image264

SNR. It is not determined if this effect is real or a metrology artifact.
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Fig 12 Unbiased LWR for the available available stack with the different measurement conditions of the number of
frames and the landing energies.

17



4 Conclusions265

The thin resist for high NA EUVL may pose metrology challenges because of the lower imaging266

contrast. This study investigated the use of ultra-low voltage aberration-corrected SEM for metrol-267

ogy of the thin resist. Because of the reduced impact of the e-beam on the resist feature and the268

small interaction volume, the image contrast between the resist and the underlayers is expected to269

be enhanced.270

The dataset includes four stacks (variation between resist thicknesses and underlayer), four271

ultra-low landing energies, and five number of integration frames, repeated for five times. The272

goal is to investigate the benefits and issues of shifting towards ultra-low landing energy regime273

for the thin resist.274

The analyses showed the thinner resists suffer from the smaller SNR, which is evident for all the275

measurement conditions at the different landing energies and number of frames. This represents276

the main challenge for the thin resist metrology. Charging of the resist and the underlayer showed277

its footprint in the mean CD estimate. By varying the landing energy and electron dose, two278

distinct regimes are observed, in which mean CD estimate is dominated either by charging at279

the low landing energy regime, or by shrinkage at higher landing energy regime. Additionally,280

comparing the SOG and O-UL, the O-UL stack has more charging artifacts observed in the mean281

CD shrinkage and linescan SNR metrics. This excessive charging can be considered as one of the282

criteria to exclude an underlayer type to another. For future experiments, we propose performing283

AFM measurements on the same SEM measurement location as a way to confirm the CD shrinkage284

magnitude for the different landing energies.285
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The optimal LE will depend on the materials stack in a non-trivial way because of the different286

secondary electron emission response of the resist and underlayers, which depends on their chem-287

ical nature and composition. The landing energy proved to be an important knob for metrology of288

the thin resist, allowing to achieve good measurement precision as well as enhancing the contrast289

for some resist/underlayers combination.290
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