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The authors evaluated the feasibility of using coherent scattering microscopy (CSM) as an actinic

metrology tool by employing it to determine the critical dimension (CD) and normalized image

log-slope (NILS) values of contaminated extreme ultraviolet (EUV) masks. CSM was as effective

as CD scanning electron microscopy (CD-SEM) in measuring the CD values of clean EUV masks

in the case of vertical patterns (nonshadowing effect); however, only the CSM could detect

shadowing effect for horizontal patterns resulting in smaller clear mask CD values. Owing to weak

interaction between the low-density contaminant layer and EUV radiation, the CSM-based CD

measurements were not as affected by contamination as were those made using CD-SEM.

Furthermore, CSM could be used to determine the NILS values under illumination conditions

corresponding to a high-volume manufacturing tool. VC 2014 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1116/1.4873697]

I. INTRODUCTION

Critical dimension scanning electron microscopy (CD-

SEM) is widely used as a metrology tool for optical masks.

However, it is difficult to measure the actual CDs of extreme

ultraviolet (EUV) lithography masks, given that the optical

properties of the mask materials are wavelength specific and

the angle of incidence of the EUV light is oblique.1–3

Several actinic mask inspection and metrology techniques

have been developed for use with EUV masks,4–9 and mask

contamination is mostly investigated through topography

analysis.10 However, there is no appropriate tool to investi-

gate the effects of mask contamination on the imaging prop-

erties. Coherent scattering microscopy (CSM) is an actinic

inspection and metrology tool that can obtain an aerial

image of EUV masks using reverse Fourier transform of the

diffraction pattern in conjunction with a phase retrieval

algorithm.11–16 Using CSM, one can obtain aerial images

without requiring complex optics. One can also simulate

imaging quality under various illumination conditions. In

this study, we demonstrated the actinic metrology capability

of CSM with respect to contaminated EUV masks and com-

pared the results with those of CD-SEM.

II. EXPERIMENT

The CSM system consisted of a source chamber, in which

EUV radiation was generated using a femtosecond laser, and

an optics chamber for inspecting mask patterns. In the source

chamber [Fig. 1(a)], an infrared femtosecond laser was

reflected by a concave mirror and focused on Ne gas

contained in a gas cell. The excited electrons of the Ne gas

generated high-order harmonic waves that contained a 59th

harmonic with a wavelength of 13.5 nm.17–22 This harmonic

was filtered by an EUV mirror and Zr spectral-purity filters.

The extracted EUV radiation exhibited good spatial and tem-

poral coherence (<0.25 mrad, k=Dk¼ 294) and a stable

FIG. 1. (Color online) Schematic of (a) the source chamber and (b) the optic

chamber.a)Electronic mail: jhahn@hanyang.ac.kr
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average power of 50 nW.23 The stability of the intensity of

the EUV radiation was measured and found to be 4.4% (3r)

over an operation period of 1 h. In the optics chamber [Fig.

1(b)], the EUV light was reflected by concave and plane mir-

rors and was focused onto the EUV mask. To ensure a field

of view (FOV) of 1.5 lm, we used two concave mirrors in

series to focus the EUV light. The first concave mirror,

which was in the source chamber, was 1 in. in size and had a

radius of curvature of 1200 mm, while the second mirror,

which was in the optics chamber, was 1 in. in size and had a

radius of curvature of 80 mm. The diffraction pattern from

the mask was recorded with a large-area x-ray charge

coupled device (CCD) with a 2048� 2048 pixels array and

pixel size of 13.5 lm� 13.5 lm.

The CSM system reconstructed the aerial image of the

EUV mask pattern from the diffraction pattern captured by

the CCD using an oversampling method and a phase-retrieval

algorithm. Because the diffraction pattern does not have

phase information, we adopted an error-reduction algorithm

(ERA) and a hybrid input–output (HIO) phase-retrieval algo-

rithm to obtain the phase information and reconstruct the aer-

ial image. We assumed an invariant optical system in which

the beam exhibits constant coherence and intensity for angles

of incidence of 6�6 2� (4�–8�). While developing the HIO

algorithm, Fienup solved the problems of stagnation and con-

vergence encountered in earlier algorithms by adopting a sup-

port constraint in the object domain.24 The HIO support was

a 2 -lm-diameter circle, which was a little bigger than the

beam size (1.5 lm in diameter), and the maximum numerical

aperture (NA) of the CCD camera was 0.59. The HIO algo-

rithm consists of four steps:

(1) Find the inverse Fourier transform of the diffraction pat-

tern of the EUV mask.

(2) Apply the constraints in real space.

(3) Find the Fourier transform of the estimate of the inverse

Fourier transform.

(4) Apply the Fourier constraint and substitute the modulus

of the measured amplitude.

These four steps were repeated iteratively until the

required precision was achieved. Figure 2 shows a schematic

of the iterative phase-retrieval algorithm. When only the

ERA was used for image reconstruction, we experienced the

problem of a local minimum, as shown in Fig. 3. In this

case, it did not yield a higher-quality reconstructed image

even when the number of iterations was increased. However,

the HIO algorithm was able to overcome this issue. Figure 4

shows the reconstructed images and CD profiles obtained af-

ter different number of iterations of the HIO algorithm. The

CD profile was measured at the cross line of the center of the

reconstructed line image. The reconstructed image changed

gradually as the number of iterations was increased,

approaching the detected image. However, the reconstructed

image did not change much after the 10th iteration, and we

adopted 10th iteration image for experimental result. The

repeatability of the CD measurement of a 78 nm line and

space (L/S) pattern was 0.3 nm (3r); this was determined af-

ter making 50 measurements in a 20 min period.25

Binary EUV masks with 70-nm-thick TaN absorber layer

were fabricated on a Ru-capped reflector consisting of 40

pairs of Mo/Si multilayers (ML). EUV masks with 88, 100,

and 128 nm half-pitch L/S patterns were produced. In order

to test the effects of contamination, the EUV masks were

intentionally contaminated with carbon in an EUV contami-

nation chamber at Pohang Accelerator Laboratory. The

masks were coated with an approximately 20-nm-thick car-

bon layer; the thickness of the layer was measured using

atomic force microscopy (AFM), and the measurements

were performed over a 500 -lm-wide area. The CD values of

the contaminated masks were measured using a Leica 9045

CD-SEM system and the above-described CSM system.

III. RESULTS AND DISCUSSION

In order to investigate the feasibility of using CSM as a

metrology tool, we compared the reconstructed CSM images

and the CD-SEM images of uncontaminated EUV masks

with L/S patterns with half pitches of 88, 100, and 128 nm.

CSM determines mask CD values on the basis of rigorous

coupled-wave analysis (RCWA) method, which is based on

Maxwell’s equations, making use of the measured diffrac-

tion pattern. The library of mask CD values is generated

using a mask CD model, which is fitted using the intensity of

the diffraction patterns measured through CSM. The mask

FIG. 2. (Color online) Schematic of the iterative phase-retrieval algorithm. FIG. 3. Local minimum image obtained using the ERA.
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CD values measured using CSM were similar to the values

measured using CD-SEM. As can be seen from Fig. 5, CSM

and CD-SEM images were well matched for vertical pat-

terns, because there is no shadowing effect altering CD val-

ues measured using CSM. In order to confirm the feasibility

of CSM as a mask metrology tool, we compared the CD

maps for clear masks with 128 nm L/S patterns (Fig. 6). The

CSM results exhibited a good correlation with the CD-SEM

measurements in the case of the vertical patterns (the differ-

ence in the average values was 0.3 nm); however, in the case

of the horizontal patterns, the clear mask CD values meas-

ured by CSM were lower, owing to the shadowing

effect.26–31 The horizontal and vertical patterns were both

measured at the best focus. Here, the horizontal–vertical

(H–V) CD bias of the mask was 7.1 nm. This value is smaller

than that attributable to the geometrical shadowing effect

predicted by the following equation:32

2� Tabs � tan 6�ð Þ ¼ 14:7 nm; (1)

where Tabs is the thickness of the absorber layer and 6� is the

angle of incidence of the EUV light. We believe CSM yields

the actual aerial CD value by emulating an exposure tool

with an angle of incidence of 6�. We investigated the effect

of contamination on the mask CD values using several

FIG. 4. (Color online) (a) Image reconstruction after several iterations of the

HIO algorithm and (b) CD profiles after 1, 2, 3, 4, 5, 10, and 20 iterations of

the HIO algorithm.

FIG. 5. CD-SEM images of (a) 88 nm, (b) 100 nm, and (c) 128 nm L/S pat-

terns of EUV masks and CSM images (vertical patterns) of (d) 88 nm, (e)

100 nm, and (f) 128 nm L/S patterns of EUV masks.

FIG. 6. (Color online) CD maps measured using CSM and CD-SEM.
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techniques (Fig. 7, Table I). To determine the reliability of

the mask CD measurements made using CSM, both clean

and contaminated areas were measured at the same time and

under similar exposure conditions (500 ms, 3 accumulations)

in a vacuum chamber. Using AFM to measure mask CD val-

ues resulted in decreased space widths (or increased line

widths) and increased absorber layer thickness. While the

changes in the mask CD value owing to contamination were

similar when measured using CD-SEM and AFM (36.3 and

35.1 nm, respectively), the change in the CD value of verti-

cal patterns as measured using CSM was much smaller

(19.4 nm). Furthermore, the H–V CD bias in the case of the

contaminated mask was small as well (0.3 nm); this value is

much smaller than the value measured before contamination

(7.1 nm). We believe that these results are due to the

low-density carbon contamination with much lower EUV

absorption coefficient than TaN absorber (kCarbon¼ 0.0069,

kTaN¼ 0.0446). The weak optical interference of EUV

radiation by low-density carbon layer results in a smaller CD

variation due to contamination in CSM compared to

CD-SEM and AFM.33,34 CD-SEM and AFM can only mea-

sure the physical thickness of contaminant layer; on the other

hand, with CSM, one can detect the actual optical effects of

the contaminant layer at EUV wavelengths.

To compare the quality of the aerial images obtained

before and after contamination, the normalized image log-

slope (NILS) values were determined under illumination

condition of a high-volume manufacturing tool (NA¼ 0.33,

r¼ 0.9, conventional illumination). We designated the in-

tensity threshold levels of the aerial image CD values to be

one-fourth the CD values of the masks with L/S values of

88, 100, and 128 nm, as the demagnification factor was 1/4.

The threshold levels were 51%, 48%, and 45%, respectively.

The CD values of the aerial images were measured at these

threshold levels. We calculated the NILS values by meas-

uring the slope at the point of CD measurement in the inten-

sity profile of the reconstructed image. The NILS, which

FIG. 7. (Color online) Vertical AFM profiles, CD-SEM images, and vertical

and horizontal CSM images of an EUV mask with 128 nm L/S patterns

before and after carbon contamination.

TABLE I. Measurement of CD values of an EUV mask before and after con-

tamination (values in nm).

Measurement Tool AFM CD-SEM

CSM

(vertical)

CSM

(horizontal)

Before contamination 142.9 144.6 151.6 144.8

After contamination 107.8 108.3 132.2 131.9

Difference in CD value 35.1 36.3 19.4 12.9

FIG. 8. (Color online) (a) NILS values obtained on the basis of the field spec-

trum using CSM and simulations performed using EM-SUITE (NA¼ 0.33,

r¼ 0.9, conventional illumination), (b) NILS values of the clean and conta-

minated areas, (c) aerial image profiles of clean and contaminated masks

with 100 nm half-pitch L/S patterns.

031601-4 Lee et al.: Actinic CD measurement of contaminated EUV mask using CSM 031601-4
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describes the quality of aerial images for lithographic proc-

esses, is defined as follows:

NILS ¼ CD� ILS ¼ CD
1

I

dI

dx
¼ CD

d lnðIÞ
dx

; (2)

where I is the intensity of the aerial image. The NILS values

for the L/S patterns of the clean masks as measured by CSM

were consistent with the results of simulations performed

using the software EM-SUITE,35 as can be seen from Fig. 8(a).

As anticipated, carbon contamination decreased the NILS

values of the aerial images. As shown in Fig. 8(b), the NILS

values were reduced from 2.7, 3.39, and 4.78 to 2.66, 3.1,

and 4.64 for the 88, 100, and 128 nm L/S half-pitch patterns,

respectively. Further, as can be seen from Fig. 8(c), the

image profiles obtained using CSM confirmed that the

decrease in the NILS values was caused primarily by the

decrease in the maximum intensity of the images, which was

the result of the carbon contamination.

IV. SUMMARY AND CONCLUSIONS

In this study, we employed CSM as an actinic metrology

tool to evaluate the actual optical performance of EUV

masks before and after contamination. Before contamination,

in the case of vertical patterns, CSM resulted in mask CD

values similar to those obtained using CD-SEM; however,

the clear mask CD values obtained using CSM for horizontal

patterns on uncontaminated masks were lower, owing to the

shadowing effect. In the case of the contaminated masks, the

absolute clear mask CD values and the change in the mask

CD values owing to contamination as measured using CSM

were lower than those obtained using CD-SEM and AFM.

This is because CSM can detect the weak optical interaction

between the low-density contaminant layer and the EUV

radiation. CSM showed reduced NILS value after contami-

nation. Therefore, we believe that CSM can be a powerful

actinic metrology tool for evaluating EUV masks.
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