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ABSTRACT

Extreme ultraviolet (EUV) lithography using 13.5 nm wavelengths is expected to be adopted as a mass production

technology for 32 nm half pitch and below. One of the new issues introduced by EUV lithography is the shadowing effect.

Mask shadowing is a unique phenomenon caused by using mirror-based mask with an oblique incident angle of light.

This results in a horizontal-vertical (H-V) biasing effect and ellipticity in the contact hole pattern. To minimize the

shadowing effect, a refilled mask is an available option. The concept of refilled mask structure can be implemented by

partial etching into the multilayer and then refilling the trench with an absorber material. The simulations were carried

out to confirm the possibility of application of refilled mask in 32 nm line-and-space pattern under the condition of pre-

production tool. The effect of sidewall angle in refilled mask is evaluated on image contrast and critical dimension (CD)

on the wafer. We also simulated the effect of refilled absorber thickness on aerial image, H-V CD bias, and overlapping

process window. Finally, we concluded that the refilled absorber thickness for minimizing shadowing effect should be

thinner than etched depth. 
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1. Introduction

Extreme ultraviolet (EUV) lithography using 13.5

nm wavelengths has become a leading lithography

technology expected to provide a commercial

solution for manufacturing semiconductor devices

with a half pitch of 32 nm and below [1-2]. One of the

new issues introduced by EUV lithography is

shadowing effect due to the non-telecentric off-axis

illumination on the mask and the three dimensional

mask topography [3-5]. When the incident ray is

parallel to the mask pattern (horizontal), there is no

difference between designed pattern and printed

pattern. However, if the incident ray is perpendicular

to the mask pattern (vertical), the printed pattern is

biased. This results in a horizontal-vertical (H-V)

critical dimension (CD) biasing effect and ellipticity

in contact hole pattern. Since the impacts of

shadowing normally depend on the height of the

absorber stack, application of thinner absorber is

needed to minimize the shadowing problems.

However, the thinner absorber is not a good solution

because of the image contrast degradation.

In this study, the refilled mask structure is evaluated

as an available option to minimize the shadowing

effect. The concept of refilled mask structure can be

implemented by partial etching into the multilayer

and then refilling the trench with an absorber material

[6-7]. The effects of etched depth and sidewall angle

on image properties were studied using aerial image

simulation. To evaluate the shadowing effect, we

simulated data for H-V CD bias, aerial image, and

process window with absorber thickness. 

2. Experiment

All the simulations were carried out with the EM-

Suite simulation tool [8]. The simulation to obtain

data for image contrast, process window, and H-V

CD bias was conducted using 32 nm line-and-space†E-mail : jhahn@hanyang.ac.kr
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(L/S) patterns. Basically, exposure conditions of pre-

production tool, a numerical aperture (NA) of 0.25, a

degree of coherence of 0.8, and incident angle of 6o

with 4x system, were applied [9]. The material

parameters used in this simulation were taken from

the CXRO database [10]. Refractive indexes of the

mask stack are n = 0.9260 and k = 0.0436 for TaN, n

= 0.9237 and k = 0.0064 for Mo, and n = 0.9990 and

k = 0.0018 for Si at a wavelength of 13.5 nm. All

simulations have a fixed grid node size dz = 0.35 nm.

EUV mask stacks used in this simulation consist of a

TaN absorber and 40 pairs of Mo/Si multilayer. Mo

layer is 2.8 nm thick and Si layer is 4.2 nm thick. The

effects of the projection optics aberration and the

resist model were not considered in this simulation.

3. Results and Discussion

Fig. 1(a) shows a schematic diagram of a typical

refilled mask structure. The designed refilled mask

structure consists of absorber for EUV absorption and

Mo/Si multilayer for EUV reflectivity. This is a

geometric approach to minimize shadowing effect by

flattening the mask surface. Since the shadowing

effect and image contrast have conflicting dependences

on the height of the absorber stack, application of

refilled mask structure can be a solution to correct

shadowing problems with conserving high image

contrast. The simulation results in Fig. 1(b) show the

image contrast vs. refilled depth using 32 nm L/S

horizontal and vertical pattern. The image contrast is

defined as (Imax - Imin) / (Imax + Imin), where Imax and

Imin are maximum and minimum intensities in the

aerial image curves, respectively. The refilled depth is

varied from 0 nm to 98 nm at intervals of 7 nm. As

the refilled depth increases, the image contrast

initially increases from 0 nm to 56 nm and then

remains constant, as shown in Fig. 1(b). The image

contrast difference between the horizontal and

vertical pattern was negligible. 

We chose an etch depth of 77 nm with different

refilled depth to evaluate the imaging properties.

Etching process during mask patterning can cause

sidewall profiles in the multilayer. Therefore, we

calculated the influence of sidewall angle of Mo/Si

multilayer to imaging performance. Fig. 2(a) shows

the near field intensity of refilled mask with sidewall

angle of -10o and 10o at the 32nm L/S vertical pattern.

It should be noted that the mask pattern size is

Fig. 1(a). Schematic diagram of refilled mask structure.

Fig. 1(b). Image contrast vs. refilled depth.

Fig. 2(a). Near field intensities with refilled mask with

sidewall angle.
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defined as the dimension at the top surface. The

negative sidewall generally allows lighter absorbed

by absorber and thus less light reflected. This could

result in a high image contrast and a wider line

printed, while the positive sidewall generally allows

less light absorbed by absorber and thus more light

reflected. This could result in a low image contrast

and a narrower line printed [11]. The image contrast

and CD change with sidewall angle was also

calculated. The sidewall angle of Mo/Si multilayer

was varied from -10o to 10o at intervals of 1o at the

32 nm L/S vertical pattern. Fig. 2(b) shows the

calculated image contrast vs. sidewall angle. As

sidewall angle increases, the image contrast decreases

slightly, but not seriously. Fig. 2(c) shows the

calculated vertical pattern CD vs. sidewall angle. 

For vertical pattern, the light is illuminated

perpendicular to the pattern so that there is shadowing.

As sidewall angle varied from -10o to 10o, the vertical

pattern CD increased slightly. Fig. 3 shows the

schematic design to explain the effect of refilled

absorber thickness vs. etched depth. The etched depth

was fixed at 77 nm and refilled absorber thickness

was varied from 57 nm to 97 nm. 

When the refilled depth is smaller than etched

depth, the reflection area of multilayer is increased.

This results in a narrower vertical pattern CD than

horizontal pattern CD. However, when the refilled

depth is larger than etched depth, the reflection area

of multilayer is decreased due to the shadowing

effect. This results in a wider vertical pattern CD than

horizontal pattern CD. We can conclude that the H-V

CD bias could be controlled changing the refilled

absorber thickness at the above refilled mask

structure. Fig. 4 shows the aerial image with refilled

absorber thickness. 

As the refilled absorber thickness increases, the

width of aerial image in vertical pattern increases.

When the refilled absorber thickness is smaller than

etched depth, the vertical pattern CD is smaller than

the horizontal pattern CD due to the reflection from

wider range of multilayer as shown in Fig. 3(a) and

Fig. 4(a). However, when the refilled absorber

thickness is larger than etched depth, the vertical

pattern CD is larger than the horizontal pattern CD

due to the shadowing effect, which is shown in Fig.

3(c) and Fig. 4(c). Fig. 5 shows the calculated H-V

CD bias vs. refilled absorber thickness. 

The H-V CD bias is defined as (CDh – CDv), where

CDh and CDv are the horizontal pattern CD and the

Fig. 2(b). Image contrast vs. sidewall angle.

Fig. 2(c). CD vs. sidewall angle.

Fig. 3. Schematic design to explain the effect of refilled

absorber thickness vs. etched depth (a) refilled

absorber thickness < etched depth and (b) refilled

absorber thickness = etched depth and (c) refilled

absorber thickness > etched depth.
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vertical pattern CD in same level of aerial image.

When the refilled absorber thickness is smaller than

etched depth, the value of vertical pattern CD is

decreased. Therefore, the H-V CD bias has the

positive values. However, when the refilled absorber

thickness is larger than etched depth, the value of

vertical pattern CD is increased, and the H-V CD bias

has negative values. However, it is not a refilled

absorber thickness of 77 nm where the H-V CD bias

is zero. This is related to the reflection area of

multilayer and CD oscillation with TaN thickness.

Fig. 6 shows the calculated CD variation of 32 nm

L/S vertical and horizontal pattern with TaN refilled

absorber thickness. 

As the TaN refilled absorber thickness decreases,

the vertical pattern CD decreases with oscillation.

However, the horizontal pattern CD remains constant.

The oscillation, the period of which is about half of

the wavelength, is due to the multiple constructive

interferences of reflected light [12]. As the TaN

refilled absorber thickness decreases, CD difference

between horizontal and vertical pattern decreases and

CD value crosses each other at about 67 nm TaN

refilled absorber thickness. Therefore, we can find

out the thickness where the H-V CD bias becomes

Fig. 4. Aerial image with refilled absorber thickness (a) 57

nm, (b) 77 nm, and (c) 97 nm with fixed trench

depth of 77 nm.

Fig. 5. H-V CD bias vs. refilled absorber thickness.

Fig. 6. CD variation of 32 nm L/S vertical and horizontal

pattern with TaN refilled absorber thickness.
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zero through controlling proper refilled absorber

thickness. The results of overlapping process windows

at horizontal and vertical patterns were simulated

with a 32 nm 1:1 L/S pattern, as shown in Fig. 7. On

the basis of the Bossung plot results, process window

analysis was carried out with a ±10% tolerance on

the target CD. The elliptical process windows were

obtained from the aerial image at the refilled depth of

57 nm, 67 nm 77 nm and 97 nm. The best overlapping

process window was obtained at refilled depth of 67

nm as shown in Fig 7(b). Thus, the optimization of

refilled depth could be a possible solution to minimize

the shadowing effect while conserving high image

contrast.

4. Conclusions

This paper has demonstrated that the refilled mask

is a viable option to minimize shadowing effect. The

concept of refilled mask structure can be implemented

by partial etching of the multilayer and refilling the

trench with TaN absorber. When the refilled absorber

thickness is smaller than etched depth, the vertical

pattern CD is smaller than the horizontal pattern CD

due to the reflection at sidewall edge of multilayer.

When the refilled absorber thickness is larger than

etched depth, the vertical pattern CD is larger than the

horizontal pattern CD due to the shadowing effect.

Therefore, we can find out the thickness when the H-

V CD bias becomes zero through controlling proper

refilled absorber thickness. In this simulation condition,

the H-V CD bias was zero at a refilled depth of 67 nm

into 77nm trench. Thus, the shadowing effect could be

minimized through the optimization of the refilled

mask structure.

Acknowledgements

This work was supported by the EUVL R&D

Research Fund of Ministry of Knowledge Economy,

the Research fund of HYU and the Scholarship

Program of Hynix Semiconductor and NBIT Fusion

technology R&D program of MKE (Korea).

References

1. B. LaFontaine, Y. Deng, R.-H. Kim, H. J. Levinson,

U. Okoroanyanwu, R. Sandberg, T. Wallow, and O.

Wood, J., “Extreme ultraviolet lithography: From

research to manufacturing,” J. Vac. Sci. Technol, Vol.

B25, pp. 2089-2093, 2007.

2. G. F. Lorusso, A. M. Goethals, R. Jonckheere, J. Her-

mans, K. Ronse, A. M. Myers, I. Kim, A.

Niroomand, F. Iwamoto, and D. Ritter., “Extreme

ultraviolet lithography at IMEC: Shadowing compen-

sation and flare mitigation strategy,” J. Vac. Sci.

Technol, Vol. B25, pp. 2127-2131, 2007.

3. M. Sugawara, M. Ito, T. Ogawa, E. Hoshino, A.

Chiba, and S. Okazaki., “Pattern Printability for Off-

axis Incident Light in EUV Lithography,” Proc. SPIE,

Vol. 4688, pp. 277-288, 2002.

4. M. Besacier and P. Schiavone., “Shadowing effect

minimization in EUV mask by modeling,” Proc.

SPIE, Vol. 5446, pp. 849-859, 2004.

5. P.-Y. Yan., “The Impact of EUVL Mask Buffer and

Absorber Material Properties on Mask Quality and

Performance,” Proc. SPIE, Vol. 4688, pp. 150-160,

2002.

6. Pei-Yang Yan, US patent publication No. US 2003/

0027053 A1.

7. Bruno La Fontaine, Adam R. Pawloski, Yunfei Deng,

Christian Chovino, Laurent Dieu, Obert R. Wood,

Harry J. Levinson., “Simulation of fine structures and

defects in EUV etched multilayer masks,” Proc.

SPIE, Vol. 5374, pp. 300-310, 2004.

8. Panoramic Technology [http://www.panoramictech.com].

9. J. Benschop, V. Banine, S. Lok, and E. Loopstra.,

“Extreme ultraviolet lithography: Status and pros-

pects,” J. Vac. Sci. Technol, Vol. B26, pp. 2204-2207,

2008. 

Fig. 7. Overlapping process windows with refilled absorber

thickness (a) 57 nm, (b) 67 nm (c) 77 nm, and (d)

97 nm.



18 Jinho Ahn, Hyun-Duck Shin and Chang Young Jeong

반도체디스플레이기술학회지 제9권 제4호, 2010

10. The index of refraction for a compound material

[http://henke.lbl.gov/optical_constants/getdb2.html].

11. Yunfei Deng, Bruno La Fontaine, Adam R. Pawloski,

Andrew R. Neureuther., “Simulation of fine struc-

tures and defects in EUV etched multilayer masks,”

Proc. SPIE, Vol. 5374, pp. 760-770, 2009. 

12. H.-S. Seo, D.-G. Lee, B.-S. Ahn, H. Han, S. Huh, I.-

Y. Kang, H. Kim, D. Kim, S.-S. Kim, and H.-K. Cho.,

“Characteristics and issues of an EUVL mask apply-

ing phase-shifting thinner absorber for device fabri-

cation,” Proc. SPIE, Vol. 7271, pp. 72710-72720,

2009. 

접수일: 2010년 10월 29일, 심사일: 2010년 11월 18일

게재확정일: 2010년 11월 30일



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


