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Abstract 

Reflective Masks for Extreme Ultraviolet Lithography 

bY 
Khanh Bao Nguyen 

Doctor of Philosophy in Engineering - 
Electrical Engineering and Computer Sciences 

University of California at Berkeley 
Professor David T. Attwood, Chair 

Extreme ultraviolet lithographic masks are made by patterning multilayer 
reflective coatings with high normal incidence reflectivity. Masks can be patterned 
by depositing a patterned absorber layer above the coating or by etching the pattern 
directly into the coating itself. Electromagnetic simulations carried out as a part of 
this thesis research showed that absorber. overlayer masks have superior imaging 
characteristics compared to etched masks. 
sensitive to variations in incident angles and pattern profiles compared to those of 
their etched counterparts. 

Images of absorber masks are less . 

In an EUVL absorber overlayer mask, defects can occur on the mask substrate, in 
the reflective coating, and in the absorber pattern. Electromagnetic simulations 
showed that substrate defects cause the most severe image degradation. To validate 
the simulation results, a printability study of substrate defects for absorber 
overlayer masks was conducted. Results showed that the printzibility of 25 nm high 
substrate defects are roughly comparable to that of defects in optical lithography. 

Simulations also indicated that the manners in which the defects are covered by 
multilayer reflective coatings can have very significant effects on their 
printabilities. Coverage profiles that result in large lateral spreading of defect 
geometries amplify the printability of the defects by increasing their effective sizes. 
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The coverage profiles of Mo/Si coatings deposited above programmed defects of 
different sizes were studied by atomic force microscopy and transmission electron 
microscopy. Results showed that the lateral spreading of the defect geometry is 
proportional to the defect’s height. The presence of undercut at the edges of the 
defects also increases the magnitude of the lateral spreading. Reductions in defect 
heights were observed for 0.15 pm wide defect lines- 

A long-term study of Mo/Si coating reflectivity revealed that Mo/Si coatings with 
Mo as the top layer suffer significant reductions in reflectivity over time. The 
cause of this was determined to be oxidation of the top Mo layer. Fortunately, it was 
also found that the high reflectivity can be maintained by simply having Si as the 
top layer of the multilayer coating. 
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Introduction . 

Lithography has been a major enabling technology for the advances in semiconductor 
manufacturing for the past 20 years. Lithography determines the minimum feature size 
on a chip, thereby affecting the packing density and speed of the devices on it. 
Innovations in lithography have allowed the wiring ground rule to be reduced by a factor 
of $ approximately every three years. This capability, together with clever device 
engineering and circuit layout, has lead to the quadrupling of memory capacity with each 
new generation of semiconductor circuits. 

During this period, optical lithography has been the industry's technology of choice and 
is expected to remain so through at least the 0.25 pdesign-rule generation[l]. Industry 
roadmaps project production starts for circuits with Oil8 pm minimum feature size 
between the years 2001 and 2004 and for those with 0.12 pm minimum feature size 

between the years 2004 and 2008 [l, 21. With enhancement techniques such as phase- 
shifting masks and off-axis illumination, optical/deep ultraviolet (DUV) lithography may 
be extendible to the 0.18 pm design rule [3,4]. For the 0.12 pm design rule and beyond, 

however, a new lithographic technique is expected to emerge as the dominant 
technology. 

Among the lithographic candidates for the 0.12 pm generation are proximity x-ray 
lithography (PXRL) [5], electron beam lithography (cell-projection and SCALPEL) [6- 
81, and ion beam lithography [9, lo]. In the last few years, advances in x-ray optical 
technology have enabled high resolution imaging at soft x-ray and EUV wavelengths 

[ll]. The ability to perform diffraction limited imaging at EUV wavelengths has 



presented a new candidate for 100 nm lithography and beyond - extreme ultraviolet 
lithography (EUVL). EUVL is a reduction imaging technique that uses reflective optics 
and masks that are coated with multilayer reflective coatings. Reduction imaging eases 
the requirements on the e-beam mask writing tools. In addition, the reflective mask 
fabricated on a thick substrate, is a significant advantage for EUVL. Masks on thick 
substrates should be less susceptible to distortion, thus making wafer level overlay more 
manageable. 

While the reflective mask on a thick substrate promises better wafer level overlay and 
less stringent requirements on the mask writing tools, it also poses many questions that 
must be answered. An EUVL mask is made by patterning a multilayer reflective coating 
with high normal incidence reflectivity. While Mo/Si multilayer reflective coatings with 
63% reflectivity can be routinely deposited, coatings on EUVL optics and masks must 
maintain their high reflectivities over long operating lifetimes. A study carried out in 
the course of this thesis research showed that Mo/Si coatings with Mo as the top layer 
suffer significant reduction in reflectivities over time. The cause for this was determined 
to be oxidation of the top Mo layer. Fortunately, it was also found that the high 
reflectivity can be maintained by simply having Si as the top layer of the coating. The 
results of this study are reported in chapter 3. 

I t  is also possible that imperfections in the mask patterning process and the final 
topographies of the masks can have significant effects on the resulting .images. Masks can 
be patterned by depositing a patterned absorber layer above the coating or by etching a 
pattern directly into the coating itself. This can be done either by wet etching or by 
reactive ion etching (RIE). Absorber overlayer masks can also be patterned by lift-off. 
With any patterning technique, however, some variations in the absorber profiles may 
occur, thus affecting the imaging characteristics of the mask. For absorber overlayer 
masks, the images may also vary for different absorber materials and absorber thicknesses. 
In addition, since the absorber layers and the etched multilayer coatings have finite 
thicknesses, shadowing effects may also cause the aerial images to vary for different 
incident angles. Initial imaging experiments have shown that both types of masks can be 
imaged to 0.1 pm resolution. However, experiments have not been able to discern more 
subtle effects that may arise from patterning imperfections and mask topographies. 

In order to answer some of these questions, electromagnetic simulation was used to study 
how the aerial images of absorber overlayer masks and etched masks vary with incident 
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angles, absorber profiles and etched stack profiles. The effects of different absorber 
materials and thicknesses were also studied. The results, described in chapter 2, showed 
that images from absorber overlayer masks are insensitive to variations in incident angles 
and absorber profiles. Images from etched masks, however, were found to be quite 
sensitive to these variations. 

Since masks must be free of printable defects, the capability to inspect and repair mask 
defects are important for any mask technology. In order to determine the requirements 
for defect inspection and repair, printability studies are usually conducted to provide 
information on the magnitude of linewidth variations caused by defects of different sizes. 

To this end, a printability study of EUVL mask defects for absorber overlayer masks was 

conducted in the course this thesis research. In an EUVL absorber overlayer mask, 
defects can occur on the substrate, in the reflective coating, and in the absorber pattern. 
Absorber defects can be repaired by ion-beam processes [12]. However, there is no repair 
technique for substrate and coating defects. In addition, electromagnetic simulations, 
described in chapter 4, showed that substrate defects would cause more severe image 
degradation than coating and absorber defects. Due to these considerations, substrate 
defects were the subject of the printability study described in chapter 6. 

Simulations also revealed that the manners in which the defects are covered by 
multilayer reflective coatings can have very significant effects on defect printabilities. 
Coverage profiles that result in large lateral spreadings of defect geometries amplify the 
printability of the defects by increasing their effective sizes. 

In order to obtain some information on the coverage profiles over defects on EUVL 
masks, a study of the profiles of sputtered-deposited Mo/Si multilayer coatings was 
conducted. Mo/Si coatings were deposited above programmed defects of different sizes. 
The coverage profiles were studied by observing the defects with an atomic force 
microscope (AFM) before and after the coatings were deposited. AFM measurements 
provided quantitative informations on the lateral spreading of substrate defects. 
Transmission electron microscopy (TEM) was also used to study the samples in cross- 
sections. TEM images showed clearly how the coverage profiles evolved during the 
coating deposition process. The results of this study are in chapter 5. 
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Hopefully the results obtained during the course of this thesis research will provide a 

basis for future discussions on mask specifications of EUVL. 
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Chaoter 1 

Extreme Ultraviolet 
Lithography - An Overview 

Extreme ultraviolet lithography (EUVL) is a new approach to providing a high 
resolution lithographic capability for the fabrication of future microelectronic circuits. It 
is an extension of current optical/DW projection techniques to shorter wavelengths and 
was made possible by recent advances in soft x-ray and EUV optics [l] . E W  lithography 
is a reduction imaging technique that uses reflective masks on thick substrates that are 
resistant to distortion. Reduction imaging with masks on thick substrates should make 
more manageable the requirements on wafer level overlay and pattern placement 
accuracy for the writing tool. 

At EUV wavelengths, diffraction-limited imaging provides 0.1 pm resolution with 1 p m  

depth of focus. The wavelength and numerical aperture combinations satisfying this 
level of performance are shown figure 1.1 [2-51. This figure was obtained from the 
relations for resolution and depth of focus of a diffraction-limited optical system, 

a R = k , -  
NA 

a DOF = k, - 
NA2 

where h is the operating wavelength, and NA is the numerical aperture of the imaging 

system. The factors k l  and k2 are constants whose values depend on system and 
processing parameters such as resist performance, illumination characteristics, and mask 
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geometry. In figure 1.1, k l  was taken to be 0.7 and k2 to be 1 - both values achievable 
in today’s processes [6-81. In order to achieve 0.1 pm resolution with 1 p m  depth-of- 

focus under these conditions, the wavelength must be less than - 20 nm and the 
numerical aperture less than 0.14. 

Since the reflective mask is the major topic of this thesis, discussions of mask issues are 
deferred to later chapters. An overview of the current state of EUVL technology is 
presented in this chapter, highlighting some of the recent works and outlining the 
necessary advances in order for EUVL to become a viable manufacturing technology. 

0.02 0.1 

Nsmzerical aperture 

Figure 1.1. Combinations of numerical aperture and wavelength for 0.1 pm resolution 
and 1 pm depth-of-focus, with k l  = 0.7 and k2 = 1. The maximum wavelength is - 20 
nm and the maximum NA is - 0.14. 

1.1 EUVL System 

1 1.1 Imaging System 

Figure 1.2 is a diagram of an extreme utltraviolet lithographic system [Z, 3 ,  91. The 
system uses reflective optics coated with multilayer reflective coatings [lo, 111. It is a 
reduction imaging system utilizing step-and-scan exposure. In a step-and-scan system, 
the optics image a ring-field of millimeters width and centimeters length onto the wafer. 



The entire mask pattern is exposed by scanning the mask and wafer relative. At the end 
of the scan, the wafer is moved to a new exposure field and the process repeated. 

Mask 

Wafer 

Source I 
Figure 1.2. A diagram of an extreme ultraviolet lithography system (EUVL) showing its 
main components - source, condensers, reflective mask, imaging optics and wafer stage. 
The system is operated under vacuum (courtesy of N. Ceglio, LLNL). 

The radiation source for an EUV system can either be a laser-produced plasma (LPP) or 
an electron storage ring (ESR) [12-141. The condenser system is a critical component, 
necessary to provide enough power for adequate wafer throughput. Masks will be made 
up of absorber patterns deposited on multilayer reflective coatings above thick substrates 
that are thermally and mechanically stable. Imaging optics need to be precisely figured 
to provide diffraction-limited performance at EUV wavelengths. In addition, the 
number of optics needs to be minimized so that wafer throughput is maximized. In order 
to keep the number of optics to three or four in an optical system with 0.1 pm resolution 
over a ring-field of sufficient size, mirrors with slight asphericity would have to be used 
[15, 161. The resist process is of course an integral part of any lithographic technique 
and will be the subject of section 1.1.4. 

Reflective optics are needed because the index of refraction is close to unity and 
absorption is high in the EUV wavelength region. Refractive imaging at EUV 
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wavelengths is not possible because it would require very thick lenses with high 
absorption. The effect of EUV refractive indices on imaging is discussed in more detail 
in section 1.2. 

Within the constraints of resolution and depth-of-focus, the choice of the operating 
wavelength is determined by many factors - the availability of high reflectivity 
coatings, resist performance and optical system performance. Hawryluk and Ceglio [4] 
have performed an analysis showing that the choice of wavelength is also influenced by 
considerations of thermal distortion of the optics and source power. 

Reflective coating reflectivity is an extremely important parameter for high wafer 
throughput since the power deliverable to wafers scales as R N  where R is the reflectivity 
per surface and N is the number of reflections. In order to achieve 0.1 Fm resolution 
over field sizes of 6-8 cm2, at least 3-4 imaging optics are required even with the use of 
some aspherics in a ring-field step-and-scan system [15]. The required number of 
condenser optics is estimated to be at least three [9, 171, bringing the total number of 
reflections to seven or eight. 

Reflectivity 

0.5 

0.55 

0.6 

0.65f' 

0.7 

Number of Mirrors 

0.09 0.05 0.02 

0.18 0.10 0.06 

0.34 0.20 0.12 

0.60 0.39 0.25 

1 .oo 0.70 0.49 

Table 1.1. The effect of mirror reflectivity and the number of reflections on throughput, 
normalized to a system with 7 reflections from mirrors with 0.7 reflectivity, 
corresponding to a system with the estimated minimum number of reflections, and 
Mo/Si reflective coatings operating at their maximum theoretical reflectivities. Current 
maximum achievable peak reflectivity for a Mo/Si coating is 0.65. 

Table 1.1 illustrates the impact of mirror reflectivity on throughput. The throughput 
values in the table are normalized to that of a 7-reflection system with 0.7 mirror 
reflectivity, corresponding to a system with the estimated minimum number of required 
reflections with Mo/Si reflective coatings operating at their maximum theoretical 
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reflectivities [16, 171. Table 1.1 shows that a reduction of reflectivity from 0.65 to 0.6 
results in a 50% reduction in throughput in a 7-mirror system. Currently, the maximum 
reported reflectivity for Mo/Si coatings at 13 nm is 0.65 [18]. High reflectivity mirrors are 
also necessary to reduce the thermal loading on the mirrors and prevent mirror 
distortions during exposure. This is an important consideration since the requirements 
for surface figure error will be very stringent for EUVL optics [19,20]. 

The dependence of throughput and thermal loading on multilayer reflectivity provide 
strong motivations for choosing operating wavelengths with the highest reflectivity 
mirrors. Since the highest reflectivity is currently achieved with Mo/Si multilayer 
reflective coatings operating around 13 - 14 nm, most of the reported imaging 
experiments were performed at this wavelength [21-261. 

The operating wavelength must also be chosen with considerations for resist 
performance. Resist materials are highly absorbing in the 13 nm wavelength region, 
resulting in significant sidewall slope in the developed images even for 60 nm thick 
resists [27-321. The sloping sidewalls would make it difficult to maintain the f 10% 
critical dimension (CD) control required in IC processing during the subsequent pattern 
transfers. Surface imaging resist, to be discussed in more detail in section 1.1.4, may 
provide a solution to this problem [33] . 

In the meantime, works on reflective coatings at wavelengths shorter than 13 nm are 
being carried out by many researchers [lo, 113 - Recent imaging experiments at 7 nm 
using a 2-mirror Schwarzschild system coated with Ru/B4C multilayer coatings showed 
that deeper resist penetration can be achieved at shorter wavelengths [34,35]. However, 
coating reflectivity per surface for Ru/B4C at 7 nm, around 15%) is too low for acceptable 
throughput. More recently, 60% reflectivity has been reported for Mo/Be coatings at 
1 1.5 nm, thus providing another possible choice of operating wavelength [36]. 

Since absorption in the soft x-ray and EUV region generally decreases with wavelengths 
[37-391, more layers are required for optimum reflectivity at shorter wavelengths. The 
larger number of bilayers results in a narrowed reflection bandwidth or cone of 
acceptance angle at a given wavelength. This effectively reduces the numerical aperture 
of the optical system, broadens the point spread function and reduces the achievable 
resolution. This  effect has been reported by Berreman [40] and Watanabe [41]. The 
reduction in resolution, while small at 13 nm wavelength, increases for shorter 
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wavelengths and is quite severe for imaging at 4.5 nm. 

The choice for a step-and-scan system is driven by throughput and optical fabrication 
considerations. The number of reflections in the optical system must be minimized since 
every additional reflection results in a 3040% reduction in throughput. The mirrors in 
the system should have only small aspheric departures to ease their fabrications. An 
optical design study by Jewel1 et al. [16], for example, shows that these conditions may be 
satisfied in a ring-field scanning design with four mirrors. 

The precise tracking of reticle and wafer stage in a reduction step-and-scan system is a 

very challenging task [42]. In a stepper, the wafer stage needs to move only to a precise 
position, and the important performance number is the step-and-settle time. In a step- 
and-scan system, both the mask and wafer must move in exact synchronism and their 
velocities must be constant during the active part of the scan. The SVGL MicrascanB is 
an example of such a system [42]. 

With a step-and-scan system, a large field size can be achieved with relatively few 
imaging elements. In addition, the system performs an integration in the scan direction, 
thus easing the requirements on illumination uniformity. Focus may also be adjustable 
during the scan [42]. 

1.1.2. Optical Tolerance Requirements and Metrology of EUVL 
Optics 

Since the required optical tolerances for an optical system scales with wavelength, the 
requirements on surface figure control for EUVL are very severe. For near-diffraction- 
limited systems, the optical tolerances can be set by considering the ratio between the 
maximum intensity of the aberrated point-spread-function compared to the unaberrated 
one. This ratio i(P) can be expressed as [43], 

where W(x, y) is the wavefront aberration as a function of coordinates on the pupil. 
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Both integrations are performed over the pupil area A. 

A Strehl ratio of 0.8 is often considered to be an acceptable performance level for a 
diffraction limited system [44]. This ratio is reached for wavefront aberration variance of 
h2/197, thus requiring the root-mean-square departure of the wavefront from the 
reference sphere centered on the diffraction focus to be less than h/14 [43]. This is also 

called the Marechal condition and corresponds to a maximum peak-to-peak wavefront 
variation of A/5. If the only aberration is defocus, then the Strehl tolerance limit 
requires a maximum of h/4 peak-tocpeak wavefront aberration. This was the case 

considered by Lord Rayleigh to arrive at his quarter-wavelength rule 1441. 

Assuming that errors on different mirrors are independent, hence adding in quadrature, 
and each mirror contributes equally to the total wavefront error m, the allowed 
wavefront error from each mirror 0 can be written as, 

where N is the number reflections. At 13 nm, the Marechal condition requires that the 
total rms wavefront error be less than 1 nm. For N = 4, each reflection can contribute 
no more than 0.5 nm rms error to the wavefront. Hence surface figure error on the 
mirror must be less than 0.25 nm rms. 

This level of accuracy is beyond the capability of visible light interferometry which has 
an accuracy of about &bk/lOO under ideal conditions. For jlPnnbk of 633 nm, this is a 

factor of 25 from what is required [45], thus necessitating the development of "at- 
wavelength" interferometry to provide the required measurement accuracy. A common - 
path x-ray point diffraction interferometer is currently being constructed at Lawrence 
Berkeley Laboratory for this purpose [19,45]. 

12 



1.1.3. EUV Sources 

Source power requirements for EUVL depend on a number of parameters. For a fixed 
required wafer throughput, the required source power depends on, 

(1) collection efficiency of the condenser system 
(2) reflectivity of multilayer mirrors 
(3) number of mirrors in the imaging system 
(4) resist sensitivity 
(5) stepper overhead time 

It also depends on other parameters, including the number of vacuum windows in the 
system, whether or not a pellicle would be needed on the mask (see chapter 2), and how 
well the reflection peaks of the different mirrors can be aligned to each other [34,46]. 

Estimates by Early [47] indicate that between approximately 500 mW would be needed 
at the mask plane for satisfactory wafer throughput. The leading candidates for providing 
the desired power are electron storage rings (ESR) and laser plasma sources (LPS) [12-14, 
48-5 71. 

Electron storage rings involve well-understood processes, provide high photon flux into 
a broadband of wavelengths and can simultaneously drive many wafer printers. Many 
synchrotrons have been built for proximity x-ray lithography around the world. 
Arguments against them, however, are their large footprints and buy-in costs. 

Laser plasma sources are smaller and could fit more easily into existing facilities. They 
are also modular sources. Modularity means that each printer has its own source, and 
when the source needs to be refurbished, only one printer must be taken off production 
so that wafer throughput is reduced by only a fraction of the total output. If an electron 
storage ring with many printers connected to it needs to be refurbished, wafer printing 
would be temporarily halted for the entire fab. The modularity and small footprints for 
laser-plasma sources may make it easier for companies to invest in EUVL on a trial basis, 
to obtain a few steppers to evaluate their performances, thus easing the introduction of 
EUVL. 
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Issues to be addressed for LPS are the availability and reliability of high-power laser 
drivers, and target debris. Recent experimental results have demonstrated conversion 
efficiencies from laser power to EUV power in a 2.3% BW at 13 nm of 2% [55]. For a 
condenser system with 0.2 sr collection solid angle [17,58], a laser power of 800 W is 
required to provide 500 mW at the mask . Works on providing such lasers are being 
carried out at Lawrence Livermore National Laboratory [48] and TRW. An additional 
difficulty with laser plasma sources is the control of target debris generated by laser 
illumination. Target debris can contaminate and damage the condenser optics, thus 
reducing the time-between-repair and increasing the cost-of-ownership for EUV 
lithography. I t  is a problem that is receiving much attention from researchers in the field 

[Sl, 541. 

Power outputs from three electron storage rings currently in operation are presented here 
for comparison with laser-plasma sources - Helios built by Oxford Instruments, Inc. for 
IBM Advanced Lithography Facility at East Fishkill, Aurora built by Sumitomo Heavy 
Industries in Japan, and CAMD at Louisiana State. Helios and Aurora use 
superconducting magnets, while CAMD uses conventional magnets. With the 
parameters provided in Table 1.2, the power outputs from bending magnets in these 
storage rings can be calculated using well-verified formulas [59]. 

Though the full expression for bending magnet power output is somewhat complicated 
(see Appendix A), the photon flux from a bending magnet can be expressed as, 

A 0  F,(photons /sec> = 2.457~1O'~E(GeV)I(A)B(mrad)G,(o / cot)-, 
0 

GI (y) is given in terms of modified Bessel function of the second kind K5/3 , 

(4) 

m 

G ( y )  = YJ1K5,,(i)dYt 
7 

where, 

Y 
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- - critical energy of the storage ring, the energy that 
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Figure 1.3. The function G 1 (y), where y is the ratio of the photon energy to the critical 
photon energy. 

The power outputs from these storage rings were calculated for bandwidths of 3% and 
horizontal collection angle of 50 milliradians. The results tabulated in Table 1.2 show 
the power outputs at wavelengths suitable for EUVL, at 4.5 nm, 7 nm, and 13 nm. Since 
Helios, Aurora and CAMD were built with proximity printing in mind, power outputs 
were optimized for 1 nm wavelength. Even so, they are still capable of providing 60 mW 
to 200 mW in a 3% BW with 50 mrad collection angle at 13 nm wavelength. In order 
to collect 500 mW, a collection angle of 125-400 mrad is needed. Various condenser 
designs have been proposed to achieve this [12,57]. 
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Table 1.2. Power output from bending magnets for Helios, Aurora and CAMD. 
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Figure 1.4. Power outputs from bending magnets in two electron storage rings built for 
proximity x-ray lithography. Power output was calculated for a 50 mrad horizontal 
collection angle. 
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1 . 1.4. Resist 

The requirements for EUVL resists, as they are for any resists, are high sensitivity and 
contrast, high resolution, good linewidth control, low defect density and good etch 
resistance [60]. For EUVL, the resist's resolution must be at least 0.12 p m  since that is 

the intended insertion point for the technology. The requirement on resolution places a 
proportional requirement on edge roughness and linewidth control. In order that the 
linewidth varies by no more than 10% with 30 statistical confidence (Le. 99.74% 

confidence), linewidth variance must be no more than 4 nm. 

The depth-of-focus for EUVL is estimated to be k 0.5 p m  at 0.12 pm resolution for 13 
nm illumination. Spin-coating of resist produces thickness variations over topography 
ranging from 0.3-0.7 pm. Other contributions to focus errors include substrate bowing, 

substrate thickness non-uniformity and wafer position placement error. These 
considerations suggest that a planarizing layer is likely to be necessary for EUVL [33]. 

Since significant losses will occur due to reflections from as many as seven surfaces with 
60%--10% reflectivities, a resist with high sensitivity is required for high wafer 
throughput. Estimates for the required sensitivity range from 2 to 10 mJ/cm2 [2,9,47] . 

The high absorption at EUV wavelengths is an important limiting factor for EUVL 
resists, resulting in sloping resist sidewalls and poor critical dimension (CD) control in 

subsequent pattern transfers [28]. The Ye absorption depths (63.2% absorption) for ten 
polymers that are representatives of common resist materials were calculated by Taylor et 
al. [33]. Their results showed that the l/e depths at 13 nm for these materials are 
between 0.1-0.25 pm. If the topographies of future semiconductor devices are assumed 
to be 200 nm high [33], resists must be at least - 0.5 pm thick for sufficient step coverage 

(smoothing over step), low defect density (pinholes) and etch resistance. Thus a 
conventional single layer resist process is not likely to be usable for EUVL. 

Current high resolution imaging experiments sidestep this problem by using very thin 
imaging layers of - 70 nm in both single layer and tri-layer processes [21,22]. Such thin 

layers, however, have marginal etch resistance and suffer from large pinhole densities 
[32]. In addition, trilevel resists are not favored by industry for fear that the complexity 
of the process would reduce yield and increase cost [61]. 
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In order to overcome the problems resulting from high absorption, surface imaging by 
silylation has been attempted by researchers at AT&T. The results show moderate 
sensitivity of - 35 mJ/cm2 and reasonable resolution/CD control [62]. Surface imaging is 
well-suited for EUVL since it takes advantage of high resist absorption to confine the 
exposed region to a thin layer at the surface of the resist. A diagram of possible surface 
imaging schemes for EUVL is shown in figure 1.5. Since there is no planarizing film 
with good imaging properties at the present time, it seems likely that a bilayer resist 
structure would be required [33]. Imaging experiments with a self-assembled monolayer 
film have also been reported with resolutions of 0.25 pm at 50 mJ/cm2 [63]. In addition 

to alleviating the absorption problem, surface imaging is insensitive to substrate 
reflection and may yield high resolution due to the steep resist sidewalls that result from 
the use of anisotropic plasma etching. 

Chemically amplified resists have been found to have excellent sensitivities in the range 
of 2 mJ/cm2 to 10 mJ/cm2. However, they suffer from marginal resolution and high 
absorption [27, 31, 32, 641. The chemical amplification process results from 
photogenerated acids that catalyze many subsequent chemical events, effectively 
increasing the quantum efficiency of the resist. As a result, resist linewidths vary with 
concentration of the acidic species, thus requiring tight controls of post-exposure 
processes and environmental conditions [61, 651. 
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Figure. 1.5. Schematic of the single layer and bilayer surface imaging resist process. 
In a single layer, the planarizing layer (IF’) is also the imaging layer. In a bilayer 
process, an imaging layer (I) is added above the planarizing layer (P) (Courtesy of G. 
Taylor, AT&T [33] 1. 
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1.2 Multilayer Coatings 

The capability to deposit multilayer coatings with high normal incidence reflectivity is 
one of the most important enabling technology for extreme ultraviolet lithography [66- 
701. Multilayer coatings with high normal incidence reflectivity have made possible 
diffraction-limited EUV imaging with spherical and near-spherical optics, thus opening 
the possibility of large-field reduction EUV lithography for integrated circuits. This 
section presents a brief description of multilayer reflective coatings - their effects on 
soft x-ray/EUV imaging, operating principles and fabrication techniques. 

Before the advent of multilayer reflective coatings, reflective soft x-ray/EUV imaging was 
performed only at glancing incidence since reflectivity at near-normal incidence for 
single layer coatings is very low. This low reflectivity is a consequence of near-unity 
refractive indices in the EUV wavelength region for all materials, which in turns results 
from the fact that the energies of x-ray and EUV radiation are above the resonances of 
bound electrons in all elements. 

The refractive index, n, in the soft x-ray/EUV region is commonly written as, 

n = 1 - 6 ( A )  - $ ( A )  

where N, is the number of atoms per unit volume, re  is the classical electron radius, and 
(fi + if21 is the atomic scattering factor which gives the scattering amplitude of an atom 
relative to that of a free electron. Henke, Gullikson and colleagues have compiled tables 
of atomic scattering factor in the soft x-ray/ EUV wavelength region [39]. The values are 
derived from best fits to available absorption data (f2) measured over a broad energy 
range for elements from hydrogen to plutonium. The real part ( f l )  is then determined 
using Kramers-Kronig techniques. 
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Figure 1.6. Index of refraction for Si, Mo, E& between 4.5 nm and 15 nm, (a) the real 
part 6, (b) the imaginary part p. 

Figure 1.6 shows the values of S and p for Mo, Si and Rh for wavelengths between 4.5 
nm and 15 nm, i.e. between the carbon-K edge and the silicon-L edge. Mo and Si are 
the materials of choice for high normal incidence reflectivity at 13-14 nm. Rh is a 
common coating for glancing incidence mirrors in EUV. At normal incidence, 
reflectivity in vacuum for a single coating is given as, 
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With the values of Sand P in figure 1.6, single coating reflectivities range from 10-2 to 

10-4 between 4.5 nm and 15 nm, rhus motivating the need for multilayer reflective 
coatings. 

At glancing incidence, high reflectivity can be obtained with single-coating since the 
waves are evanescent in the reflective medium. However, high resolution imaging at 
glancing incidence requires optics that are sections of conics. Even though designs exist 
for high resolution glancing-incidence imaging systems such as the Wolter-type optics 
[71], conics surfaces are very difficult to fabricate, resulting in large surface figure errors 
that limit the resolution of the system. 

The use of multilayer coatings to increase normal-incidence reflectivity allows near- 
normal incidence imaging with high throughput. This makes possible diffraction-limited 
imaging at EUV wavelengths with spherical and near-spherical optics and makes the 
optical fabrication process manageable. However, optical fabrication and testing remain 
one of the most daunting challenges for EUVL. 

1.2.1. Multilayer Principles 

Multilayer coatings consist of repeating alternating layers of two materials with different 
refractive indices. The combination typically consists of a high Z, high refractive index, 
high absorption material and a low Z, lower refractive index and lower absorption spacer 
material. I t  can be thought of as either a two-dimensional crystal with large lattice 
spacing or an interference coating with very small spacing. 

The enhancement in reflectivity results from constructive interference of weak 
reflections from the many interfaces of the multilayer coating. Neglecting refraction, the 
condition for constructive interference is given by the Bragg equation, 

m a =  2(d, + d,)sin 8 ,  
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where dA and dg  are thickness of each layer of material A and B and 0 is the angle of 
incidence as measured from the glancing incidence (normal incidence is 900). 
Correction for refraction results in the expression [72] , 

mA. =2(d, +d,)sine,(l- 1, 
sin2 e, 

where Om is the angle of the mth reflection peak. Note that for normal incidence ( 8 = 

goo), the d-spacing is LIZ, and dA and d~ are approximately L/4. In practice, the high-Z 
layer is made somewhat thinner than the low-Z layer to reduce absorption loss. r, the 

ratio of the high-Z layer thickness to stack thickness dd(dA+dB), is typically 0.4 for 
Mo/Si coatings. 

The fabrication of x-ray multilayer reflective coatings has been attempted since the 
1920s [73]. Recent improvements in the quality of these coatings were made possible by 
the advances in vacuum deposition techniques pioneered by Eberhard Spiller 166, 671 at 
IBM Watson Research Center and Troy Barbee at Stanford University [74]. In order to 
maximize the reflectivity, material combinations are chosen for large differences in their 
indices of refraction, low absorption, low interdiffusion between layers, low interlayer 
roughness, and low film stress. 

Figure 1.8 shows the calculated reflectivity of a Mo/Si reflective coating with 40 bilayers 
and 7-nm period. The interfaces between the materials were assumed to be perfectly 
sharp. The highest reflectivity that has been reported experimentally for Mo/Si is - 65% 
[?5]. Differences between the measured and predicted reflectivity is largely due to 
interfacial roughness and interfacial mixing of the layered materials. 
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Figure 1.8. Reflectivity fiom an ideal multilayer coating as calculated with Fresnel theory of 
reflection and Henke optical constants. The coating consists of 40 bilayers of MolSi with 7 
nm d-spacing. dMJdsi is 213. The top layer is Mo. 

1.2.2. Multilayer Deposition Process 

For my thesis research, multilayer coating deposition was performed using a planar 
magnetron sputtering [76] system at the Center for X-ray Optics, Lawrence Berkeley 
Laboratory. In this system, the substrates to be coated rotate on a table above the 
magnetron sputtering sources. The deposition rates are controlled by varying the rotation 
speed of the substrate table and the power to the sputtering targets. Powers to the sources 
are accurately controlled with stable precision power supplies. Either rf or dc sputtering is 
used, depending on the materials. The alternating layer structure is built up as the table 
rotates, moving the substrates sequentially over the targets. The system is operated at a 
base pressure of - 1x10-6 torr. Sputtering is performed in argon at 2.5 x 10-3 torr. 

The d-spacings of the coatings are determined by measuring x-ray diffraction with a Cu 
Ka source and fitting the reflection peaks to Bragg’s equations [72]. The positions of the 

reflection peaks represent the statistical average for the d-spacing throughout the stack 
and the widths of the peaks yield information on the spacing variance. 
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1.3 Conclusion 

Extreme ultraviolet lithography is a promising technique capable of providing 0.1 p m  
resolution with 1 pm depth-of-focus. It is a reduction imaging technique based on a 

thick stable reflective mask that promises to make the wafer level overlay requirements 
more manageable. Due to its short operating wavelengths, EUVL may be extendible 
over a number of future generations of semiconductor devices. 

Before it can become a viable commercial technology, however, significant advances are 
required in many key areas. Perhaps the most critical challenge for EUVL is the 
fabrication of optics to the required tolerances for diffraction-limited imaging and 
holding to this tight figure requirement during exposure. Resist is another key area 
requiring advances. Much work also remains to be done in the area of mask fabrication 
and defect inspection/repair. This will be the topic of the remainder of my thesis. 
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Chapter 2 
EUV Lithographic Masks - Fabrication 

Process and Optimal Geometry 

2.1 Masks for EUVL 

Extreme ultraviolet lithography is being developed for integrated circuits with 0.12 p m  

design rules [l, 21. While the exposure system is the technology driver, all support 
technologies must be developed concurrently for they are important to the acceptance of 
a new technology. Mask cost is a significant component of the cost of ownership for 
lithography [3] and could be a decisive factor in influencing the choice of lithographic 
technology. 

The making of lithographic masks requires appropriate resolution, good control of 
linewidth variations (CD control), precise pattern placement from mask to mask 
(pattern placement and overlay) and defect control. For the 0.12 p m  generation, these 

requirements will pose serious challenges to all aspects of mask making - lithography, 
metrology, defect detection and repair. An overlay accuracy of 35 - 50 nm, or roughly -t- 
15% of the minimum feature size, will be required on the wafer. This is the total error 
budget that includes the contributions from mask critical dimension (CD) errors, 
lithographic alignment errors and all other process errors. Typically 25% of this error 
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budget is allocated to mask-making [4,5]. 

The current specification for CD control on a 5X mask is roughly 10% of the wafer 
linewidth, i.e. a'0.5 p m  process on wafers requires a 2.5 pm process on masks with 50 nm 

CD control, i.e. 2% CD control on the mask. This requirement is driven by yield 
analysis and would be even more stringent for a 1X process [5,6]. 

Currently, 6" mask blanks are used for 5X systems. For the 0.12 p m  generation, chip 

sizes are projected to be 7 cm2 for memories and 10 cm2 for microprocessors, requiring 
field sizes of 37 x 37 mm2 [2]. For 5 X  systems, masks will be 18.5 x 18.5 cm2, thus may 
require 8" mask blanks that are defect-free. 

Compared to other lithographic techniques capable of 0.12 pm resolution, one 
advantage of EUVL. is its masks. An EUVL mask would be a reflective reduction mask 
patterned on a thick substrate. Reduction imaging eases the requirements on CD control 
on the mask and pattern placement accuracy of the mask writing tools. The thick 
substrate should be resistant to distortion, thus making the wafer level overlay 
requirements more manageable. 

An EUVL mask blank is made up of the mask substrate and the reflective coating. Since 
the turnaround time in today's mask shops is under 24 hours [?I, future EUVL mask 
blanks must be already multilayer-coated and inspected for defects before they are 
delivered to the mask-making facilities. 

The density of defects in the reflective coatings deposited in a controlled environment 
has yet to be fully characterized. As will be shown in chapter 4, defects in the substrate 
and reflective coating of an EUVL mask may result in distortions of the resist image even 
for subresolution defects of a few nanometers thick [8,9]. The first printability study of 
substrate defects in EUVL masks is reported in chapter 6. 

Since the mask is the first element to be illuminated by the condenser system and will be 
subjected to a considerable heat load, the thermal requirements for mask substrate 
materials have been the subject of some preliminary studies [lo, 111. Mask substrates 
must also have low rms roughness to ensure high reflectivity for the coatings deposited 
on them [12]. 
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Figure 2.1. Calculated transmission for Si and S i c  membranes at 130 - 140 A. S t  is the 
most nansmissive material in this region because its absorption edge is at 125 A. To 
obtain 50% transmission, a 0.5 pm membrane is required. For 80% transmission, a 0.15 
pm Si membrane is required. 

Since mask cost is a significant component of the cost-of-ownership for lithography [3], 
and the relative ease of mask fabrication is a key advantage for EUVL over other 
technologies, finished masks need to be kept from being contaminated after they have 
been inspected and repaired. In optical lithography, a pellicle is used for this purpose. 
The pellicle is a thin, transparent membrane mounted over the mask to form a sealed, 
dust-free chamber protecting it from any future contamination. It is mounted at a 
sufficient stand-off distance from the mask pattern so that particles on the pellicle are 
kept out of the imaging depth of the optical system. The use of pellicles in optical 
lithography have increased yield, extended mask lifetime and reduced the cost of mask 
inspection. Current pellicles for UV i-line steppers (365 nm) are typically 1-3 p m  thick 
and 99% transmissive [13]. 

Since materials are highly absorptive at EUV wavelengths, it will be a challenge to find a 
material suitable for use as a pellicle membrane for EUVL masks. The transmission 
through some membranes are shown in figure 2.1. Transmission is - 40% for a 500 nm 
Si membrane and - 80% for a 150 nm Si membrane. In a reflective mask, the radiation 
would pass through the pellicle twice, thus resulting in a 40% power loss even with the 
150 nm membrane and significantly affecting throughput. The absorbed radiation would 
also produce heating that might reduce the pellicle's useful lifetime. EUVL masks must 
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also be vacuum compatible thus requiring that the current air-tight pellicle design be 
modified even if a suitable pellicle material could be found. It may be possible to design 
a mask holder with a retractable cover that moves out of the way during exposure. Such 
a holder would be required to not generate particulate contaminants from its moving 
parts. In spite of these challenges, however, the cost of mask fabrication, inspection and 
repair is such that some technique to prevent contamination of the finished masks would 
be required for EUVL. 

This chapter is an introduction to EUVL mask technology, containing a survey of 
current works on EUVL masks and a description of techniques used to fabricate masks for 
this thesis research. It also includes a comparative study of the imaging performance of 
two demonstrated mask geometries for EUVL - absorber overlayer masks and etched 
masks. 

2. 2 Mask Fabrication 

2.2.1 Survey of Relevant Works 

Masks for extreme ultraviolet lithography (EUVL) are made by patterning multilayer 
reflective coatings. The patterning can be accomplished in many ways - by depositing 
and patterning an absorber layer over the multilayer coating, by etching the pattern 
directly into the multilayer coating, and by reducing the reflectivity of selected areas of 
the multilayer coating by ion bombardment [lo, 14-17]. Masks made by all these 
techniques have been imaged satisfactorily [14, 151. In 1991, Hawryluk et al. fabricated 
masks with patterned absorber overlayers on multilayer coatings [16], and Kinoshita et al. 
performed imaging experiments with etched masks in 1991 [17] . 

Also in 1991, Tennant et al. conducted a thorough study of the various mask geometries 
in 1991 [14, 151. Masks fabricated by etching, by patterning absorber layer and by 
selective ion-damage were described and their relative merits discussed. Imaging 
experiments were also performed showing that all three types of reflective masks could be 
used to image 0.1 pm patterns. 

An important disadvantage for etched masks is that their opaque defects cannot be 
repaired, since there is no technique to spot-deposit high quality multilayer coatings. On 
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the other hand, techniques have been demonstrated to repair defects in the absorber 
layer [18, 191. 

2.2.2 Mask Fabrication - Thesis Work 

A part of my thesis work involved fabricating absorber overlayer masks for EUVL. Mask 
blanks were Mo/Si multilayer reflective coatings deposited on Si substrates or super- 
polished flats. The multilayer coatings were deposited by planar magnetron sputtering at 
CXRO, LBL. Reflectivities of over 60% were routinely achieved with Mo/Si on Si wafer 
substrates. Slightly higher reflectivities, of - 63% [20], were obtained for coatings 
deposited on optical flats because of the lower rms roughness. The multilayer deposition 
process will be described in chapter 3 in conjunction with the work on long-term 
reflectivity characteristics of Mo/Si multilayer coatings. 

The absorber patterning was performed with G-line optical lithography using a 4X 
Canon tool in the Microfabrication Lab at UC Berkeley. The absorber materials, - 100 
nm of gold above a 2-4 nm Cr sticking layer, were deposited by evaporations and lift- 
offs. With this process, 1 pm wide absorber lines were routinely produced. A diagram of 
the mask fabrication process is shown in figure 2.2. Figure 2.3 shows a SEM image of 
some gold absorber patterns with linewidths ranging from 1 pm to 10 pm deposited above 
a Mo/Si multilayer reflective coating. 
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Figure 2.2. Mask fabrication process. The multilayer coatings typically consist of 30 - 
40 bilayers of Mo/Si with 7 nm d-spacing. The patterning was performed with a G- 
line Canon printer in the Microfabrication Laboratory in Cory Hall, UCB. The 
absorber pattern consists of 100 nm of gold deposited above - 4 nm of Cr to enhance 
adhesion to the Si substrate. 
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Figure 2.3. 100 nm thick gold absorber patterns deposited on Mo/Si multilayer reflective 
coatings by evaporation and lift-off. Linewidths range from 10 pm to 1 pn 

2.3 Comparison of Imaging Properties of Absorber 
Overlayer Masks and Etched Masks 

Since a lithographic mask is to be imaged with fidelity onto the wafer, factors that affect 
its imaging performance must be well understood. In order to compare the imaging 
performance of etched masks and absorber overlayer masks, aerial images from both types 
of masks were calculated for different mask topographies. 

For the absorber overlayer mask, the mask topography is determined by the absorber 
layer- its profile, material and thickness. For the etched mask, the topography is 

determined by the profile and thickness of the etched multilayer coating. At oblique 
incident illumination, some shadowing effects due to mask topography are expected. 
Aerial image variations as a function of incident angles were calculated to quantify the 
effect of shadowing. Aerial image calculations were also performed for different absorber 
materials, absorber sidewall profiles (for absorber masks) and stack profiles (for etched 
masks). 

2.3.1 Simulation Process 
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2.3.1 (a) Calculations of Reflected Field and Image Synthesis 

The electromagnetic field scattered from the complicated topography of the mask was 
calculated using TEMPEST, a massively parallel time-domain finite-difference program 
which runs on a Connection Machine CM-2 [21-241. This program is the result of a 
collaborative effort involving many students in Professor Neureuther's research group at 
UC Berkeley. The current version of TEMPEST was written by Alfred Wong. It accepts 
inputs of both TE and TM polarizations and off-normal incident illumination. The 
simulation domain is specified in t e r n  of the layer thicknesses and the refractive indices 
of the materials in it. Absorbing boundary conditions are applied to the top and bottom 
boundaries of the domain. To simulate masks with lines and spaces, periodic boundary 
conditions are applied to the side boundaries. TEMPEST is well-suited to answer 
questions regarding the effect of topography on images. It is used in this chapter to study 
the effect of mask topography on images and in chapter 4 to study the effect of defects. 

TEMPEST calculates the electromagnetic field by propagating a plane wave of arbitrary 
intensity profile into the simulation domain according to Maxwell equations discretized 
in space and time. The time step and node spacing are chosen to ensure convergence 
and an acceptable degree of accuracy. The propagation process is iterated until the fields 
converge to the required accuracy set by the user. In these calculations, the accuracy is 
set to be 2%. At the end of the calculation , TEMPEST outputs the field amplitude in 
the simulation domain and the reflected field given in terms of its diffracted orders. The 
field amplitude can be examined to study how the field propagates in the mask structure 
and to observe the effect of topographies and defects on the field distribution. 
Diffraction effects can also be seen in the field amplitude plots. 

In order to study the effect of different mask topographies on imaging, the aerial image is 
synthesized from the reflected field by Hopkins's technique which takes the partial 
coherence of the illumination into account [25]. Two assumptions are made in the 
image synthesis process. The diffraction efficiency is assumed not to vary with the 
incident illumination angle over the illumination cone. With this assumption, the aerial 
image simulation program is able to use diffracted orders from an incident plane wave at 
one incident angle calculated by TEMPEST to simulate partially coherent illumination. 
It does so by superimposing the diffracted orders calculated by TEMPEST for one angle 
over a range of angles, thus simulating an illumination cone. In this study, an aberration- 
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free 4:l reduction imaging system operating at 135 k with numerical aperture (NA) of 
0.1 was simulated, giving nominally 0.1 pm resolution. For CT ranging from 0.5 to 1, the 
illumination cone would be on the order of a degree, and the assumption of constant 
diffraction efficiency over the illumination cone is quite accurate. The illumination 
intensity is also assumed to be uniform over the cone. 

2.3.1 (b) Application of TEMPEST to soft X-ray/EUV multilayer reflectors 

Calculations of reflected fields from multilayer reflective coatings place special demands 
on TEMPEST. First, the reflective coatings consist of 30 to 40 layer pairs of Mo/Si 
deposited on a silicon substrate. As a result, the simulation domain for a multilayer 
coated mask consists of 60 to 80 layers of materials. 

In addition, at EUV wavelengths, the refractive index is near unity for all materials and 
is commonly written as, 

where 6 and p are on the order of 10-2 - 10-3 in the wavelength region between 4.5 nm 

and 15 nm (see figure 1.6). To ascertain that the large number of layers and the near- 
unity refractive indices do not reduce the accuracy of TEMPEST, two sets of calculations 
were performed. 

Since the simulation domain is a rectangular grid of 1024 x 512 nodes, some 
discretization errors are introduced when the periodic multilayer structure of arbitrary 
period is mapped onto it. The effect of these errors is investigated by calculating 
reflectivity from a number of identical planar multilayer structure shifted vertically by 
increments smaller than one node spacing. With node spacings of approximately 215, 
the structure was shifted vertically in steps of h/20 over a distance of 2h to observe errors 

introduced by discretization. Since the structure repeats itself when shifted by one layer 
pair, the resulting periodic behavior shown in figure 2.4 is expected. While the 
magnitude of the variations in reflectivity increases with the number of layer pairs, it is 
less than 2% for a 40 layer-pair structure. 

44 



0.8 

0.7 

0.6 

05 a 
*$ 04 

IX 03 

.I) 

Q 
0.2 

0.1 

0 
0 5 10 E 20 25 30 35 

Vertical stack shift (unit x 135 AZO) 

Figure 2.4. Discretization error is estimated by calculating reflectivities for a set of 
identical planar multilayer smcture shifted in vertical position by 1/20 for a distance 
of 2h. Simulation nodes are spaced approximately h/15 apart. Results are shown for 
Mo/Si reflective coatings with 10 bilayers and 40 bilayers. Discretization error for 40 
bilayers is 2%. 

As another measure of TEMPEST'S performance for multilayer structures, calculations of 
reflectivity versus wavelength for planar Mo/Si coatings consisting of 10, 20,30, and 40 
layer pairs were performed. As shown in figure 2.5, the reflectivities calculated by 
TEMPEST are approximately 5% lower than those obtained from a technique using 
Fresnel coefficients . T h e  source of this difference was determined to be the result of the 
discretization error already discussed above. Discretization errors effectively introduce 
coating period variations into the simulated coating, thus reducing the calculated 
reflectivity of the coating. 
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Figure 2.5. Calculations of reflectivity vs. wavelength for planar multilayer structures 
using TEMPEST and a Fresnel coefficient technique at normal incidence. TEMPEST 
results are approximately 5% lower than those obtained by Fresnel technique due to 
discretization errors. 

2.3.1 ( c )  Simulation Geometries 

The simulated reflective coatings consisted of 30 or 40 bilayers of Mo/Si on Si substrates. 
Each Mo and Si layer is 3.5 nm thick. Silicon was the top layer of the multilayer stacks 
in accordance with experimental results showing reduction in the reflectivity of Mo- 
topped multilayer coatings by oxidation of the top layer (see chapter 3) [20,26]. 

For the absorber overlayer masks, the simulated geometries were 0.4 p m  absorber lines- 

and-spaces over Mo/Si multilayer coatings on the masks. The simulated absorber 
materials were either gold, germanium, or carbon. The incident angles were varied from 
normal incidence to 100 off-normal. The absorber profile tilts were varied from vertical 
to 45 0. 

For the etched multilayer masks, 0.4 p m  etched patterns were simulated for 30-bilayer 

and 40-bilayer coating with different stack tilts. Incident angles were varied from 00 to 
100 off-normal, and stack profile tilts were varied from vertical to 100. 

As was mentioned in section 2.3.1 (a), periodic boundary conditions are used for the left 
and right boundaries to increase the accuracy of the calculations. As a result, the 
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features simulated in this study were grouped line-and-spaces. Aberration-free 4: 1 
reduction imaging was simulated using Hopkins's technique to synthesize the aerial 
images of these mask geometries. 
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Figure 2.6. Simulated mask geometry (a) absorber overlayer mask consisting of a thin 
absorber overlayer and (b) etched mask. 

2.3.2 Absorber vs. Etched Masks 

Absorber overlayer and etched masks were evaluated by comparing their simulated 
aerial images under a range of incident angles and pattern profile tilts. Images were 

calculated at normal incident, 50 off-normal and 100 off-normal. Images were also 

calculated for absorber overlayer masks and etched masks with different pattern profile 
tilts . 

2.3.2 (a) Aerial Images vs. Angles of Incidence 

The requirement of high reflectivity at 13.5 nm limits incident angles to a cone of 
roughly 100 from normal incidence. The reason for this can seen from Bragg's condition, 

ma = 2dsin e, 

where 8, is measured from glancing incidence ( 0 = 900 for normal incidence). 

Since the wavelength should be in the range of 13 nm to 14 nm to take advantage of the 
low absorption near the Si absorption edge, d must increase as 8 moves away from 

normal incidence. Since absorption increases with layer thickness for a given 
wavelength, the achievable reflectivity is reduced. While the ratio of the high-Z layer 
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thickness to layer pair thickness, can be adjusted to optimize R for a given angle of 
incidence, the achievable peak reflectivity decreases at off-normal incidence angles. This 
limits the acceptable cone of incidence angle to - 100 for operation around 13 nm. The 
acceptance cone would be even narrower at shorter wavelengths since more layers are 
required for optimum reflectivity. 

Within this illumination cone, variations of aerial images with incident angles were 
studied. Due to the topography of the absorber layer, the incident field near the edges 
of the absorber pattern would be partially absorbed either before reaching the reflective 
coating or upon leaving it. As a result, reduction of image intensity by shadowing was 
expected for oblique incident. 

For the range of incident angles from 00 to 100 off-normal, however, there is no 
significant difference in the reflected images for masks with 60 nm thick germanium 
overlayer (figure 2.7). This can be seen in a plot of the intensity of the diffracted orders. 
For incident angles of less than 100 off-normal and 60 nm absorber layer, the observable 
differences in the reflected fields for the three incidence angles only appear in the higher 
diffracted orders. However, in a 4:l reduction system operating at 13.5 nm with NA = 

0.1, NA is approximately 0.025 on the mask's side and only the 3rd and lower orders 
contribute to the image of the 0.1 p m  lines (0 is 1 or less), resulting in nearly identical 

images for incident angles between 00 and 100 off-normal. 

As the absorber layer thickness was increased, however, the effect of shadowing on the 
aerial image became more noticeable. As the Ge absorber layer thickness was increased 
from 60 nm to 120 nm to 200 nm, a 4% reduction in peak image intensity was observed, 
together with some narrowing of the peak width (figure 2.8). 
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Figure 2.7. (a) Aerial images as a function of incidence angle for absorber overlayer masks 
at  normal incidence, S o  off-normal and loo off-normal, (b) diffracted harmonics of the 
reflected field for these illumination conditions. 
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Figure 2.8. Aerial images from absorber overlayer masks as the germanium thickness is 
increased from 60 nm to 120 nm to 200 nm. Illumination angle is 100 off-normal. 

More significant shadowing was observed for etched masks. For etched lines with vertical 
profile, the normalized peak image intensity decreases from 0.82 at normal incidence to 
0.7 at loo off-normal as shown in figure 2.9. Image intensity variations of this 
magnitude can produce observable variations in resist linewidths. 
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Figure 2.9. Aerial images for etched masks at normal incidence, 5 O  off-normal and loo 
off-normal. 
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2.3.2 (b) Aerial Images vs. Pattern Profile Tilts 

The absorber layer can be patterned by a number of techniques including wet chemical 
etching, reactive ion etching (RIE), and lift-off. With any technique, however, some 
variations in the absorber profile may occur. The effect of absorber pattern profile tilts 
on the reflected images was studied for absorber overlayer masks with 60 nm thick 
germanium. The midpoint of the absorber layer was kept fixed as the tilt angle of the 
absorber profile was varied from 00, or perfectly vertical sidewall, to 450. The incident 
illumination angle was 100 off-normal for all cases. 

As can be seen in figure 2.1 1, there was hardly any difference between the reflected 
images for the 50, 100, 250 absorber profile tilts. At 450 absorber tilt, peak image 
intensity decreased by 3% compared to that at 100 tilt. The relative insensitivity of the 
reflected image to the absorber profile should allow for less stringent requirements on the 
absorber deposition and patterning process. 
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Figure. 2.10. Input profiles for calculations of the effect of absorber tilt. The midpoint of 
the absorber layer was held fixed while the profile tilt is varied from vertical to 450 tilt. 
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Figure 2.11. Aerial images for absorber overlayer mask (60 nm of Ge) with non 
vertical absorber profile. The mid-point of absorber layer is held fiied, and the tilt 
angles are 5O, 100, 25O and 450. Peak image intensity is reduced by 3% at 45O 
absorber tilt. 

Profile tilts had a more pronounced effect on images from etched masks. As the etched 
patterns profile tilts were varied from 00 to 100 , the peak image intensities varied by 
nearly 10%. 
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Figure 2.12. Aerial images from etched masks with tilt in stack profiles. Peak image intensities 
vary by 10% as stack tilt s vary from Oo to loo. 
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2.3.3 Aerial Images vs. Absorber Materials 

The absorber materials simulated in this study were gold, germanium, and carbon as a 
stand-in for photoresist. Both gold and germanium can be easily deposited and 
patterned. Photoresist as absorber, of course, would be the simplest process of all. The 
optical properties of carbon also resulted in interesting phase-shifting effects on the aerial 
images. However, some polymer chains may break down under long x-ray exposure. 

As shown in figure 2.13, gold has the largest p at 13.5 nm, and hence is the most 
absorptive of the three materials, while carbon, with the smallest p, is the least 

absorptive. An absorber thickness of 60 nm for both gold and germanium results in high 
contrast images. For carbon, p is only roughly 1/5 of that of gold and 1/3 of that of 
germanium at 13.5 nm wavelength. The aerial image of an absorber overlayer mask with 
60 nm of carbon shows sidelobes in the absorber region similar to those seen for 
attenuated phase shifted masks (figure 2.14(a)). This effect may be used to sharpen line 
edges, as is currently being used in optical lithography. The aerial image of a mask with 

a carbon absorber layer of 130 nm shows smaller sidelobes. 

These calculations show that a layer of gold, germanium or carbon from 60 nm to 130 
nm thick can serve as an effective absorber for a reflective mask. As a result, ease of 
processing and durability under long x-ray exposure in vacuum should be the 
determining factors for choosing the absorber material. Tennant et al. have shown that 
Ge has several processing advantages. It has good adhesion to the coating and can be 
readily etched by RIE. Ge is also very fine-grain and should result in good CD control 

D4, 151. 
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Figure 2.14. Aerial images for gold, germanium and carbon absorbers at (a) 60 nm and '(b) 130 
nm thickness. The aerial image for the 60 nm carbon mask shows sidelobes similar to those 
seen on attenuated phase-shift masks. 

2.3.4 Diffractive Losses 
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Diffraction from the edges of the absorber layer can be seen in the field amplitude plots 
(figure 2.16). To gauge the magnitude of the diffractive losses, images from masks with 
30 layer-pair coatings and 40 layer-pair coatings were compared. Since the difference in 
reflectivity for the two cases is 3%, diffractive losses could render the bottom layers 
irrelevant, resulting in little difference in the reflected images between 30-layer-pair and 
40-layer-pair masks. 

Calculated images show a slight increase of about.5% in the peak image intensity for the 
40 layer-pair mask compared to the 30 layer-pair one. This shows that the bottom layers 
still contribute significantly to the reflected image, and that diffractive loss is not the 
dominant loss mechanism for mask linewidths of 0.4 p m  or greater a t  13.5 nm. 

Diffractive losses were found to be not as high as from chrome edges on an optical mask. 
This is probably because the lossy absorber material (germanium) does not produce high 
edge currents which re-radiate isotropically. 
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Figure 2.15. Aerial image intensity for Ge absorber mask with 30 bilayers and 40 bilayers. The 
higher reflectivity of the 40 bilayer coating results in higher peak image intensity. 
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Figure 2.16. The incident and reflected field amplitude in the simulation domain for a 
Ge absorber mask with 40 bilayers of Mo/Si. The y-axis corresponds to the vertical 
direction on the mask; x-axis corresponds to the horizontal. The field amplitude 
decreases with distance traveled into the multilayer coating. The clear area of the mask 
corresponds to the region of higher field amplitude at  the center. 
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2.3.5 Summary of comparison 

In this section, electromagnetic simulations were used to compare the imaging 
characteristics of absorber layer masks and etched masks. The results show that aerial 
images from absorber masks are less sensitive to variations in incidence angles and 
pattern profiles. The higher sensitivity of etched masks to these variations can be 
explained in part by the thickness of the patterned multilayer stack. 

In an absorber mask, the patterning layer is the absorber layer that is between 60 nm and 
100 nm thick. In an etched mask, the patterning layer is the multilayer coating itself. 
At 13 to 14 nm wavelengths, the coatings typically consist of 40 layer pairs of 7 nm d- 
spacing, hence are approximately 280 nm thick. 

The thicker patterning layers on etched masks result in more shadowing at  off-normal 
incidence and larger linewidth variations at a given profile tilt angle. This translates to 
larger variations in peak image intensity for etched masks. If the absorber layer thickness 
is increased on an absorber mask, the peak image intensity would also be more sensitive 
to variations in incidence angles and pattern profiles. 

Absorber overlayer masks could be made with a range of absorber materials, including 
gold, germanium and carbon. The absorber layer only needs to be on the order of 100 
nm thick to be effective. With near-normal incident illumination and a thin absorber 
layer, the absorber overlayer mask is insensitive to both variations in the incident angle 
and the absorber profile. Diffractive losses were observed through plots of field 
amplitude in the simulation domain, but were found to have little effect on the aerial 
image. Absorber overlayer masks also allows for the possibility of built-in attenuated 
phase shift masks with an appropriate absorber material and absorber thickness. 
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ChaDter 3 
Oxidation of Mo/Si Multilayer 

Mirrors 

3.1 Introduction 

Multilayer coatings with high normal-incidence reflectivity are critical components for 
EUV lithography [l]. In an EUVL lithographic tool, Mo/Si multilayer coatings with 
reflection peaks near 130 A would be used on all reflective surfaces - condensers, 
reflective masks, and optics. As a result, the power delivered to the wafer and wafer 
throughput are proportional to RN, where R is the reflectivity of each mirror and N is the 
number of reflecting surfaces in the system. 

Theoretically, the peak reflectivity from a Mo/Si multilayer coating could be as high as 
72% around 13 nm assuming perfectly sharp interfaces between Mo and Si. However, 
interfacial roughness and interlayer mixing reduce the achievable peak reflectivity. 
Currently, norrnal incidence reflectivity of higher than 60% is routinely achieved and a 
reflectivity of 65% has been reported [l-31. 



To reduce the cost-of-ownership of an EUVL printer, the multilayer coatings in the 
system must maintain their high reflectivities over a reasonably long period of use. 
Underwood et al. [4] have reported significant reduction of peak reflectivities for Mo/Si 
multilayers with molybdenum as the top layer (“Mo-top” multilayers) when they were 
stored in ambient air. This was the result of oxidation of the top Mo layer to Moo3 and 
MoO-2, as shown by electron spectroscopy for chemical analysis (ESCA). Some 
techniques were tried to recover the reflectivity of the oxidized multilayer. Initial results 
also showed that Mo/Si coatings with Si as the top layer (“Si-top” multilayers) 
maintained their high reflectivities over time. 
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Figure 1. Reduction in peak reflectivity over time for a Mo-top Mo/Si multilayer x-ray 
mirror stored in air is greater than that stored in argon. Reflectivity of the mirror stored 
in air decreased by 10% after 100 days. 

The chapter contains additional measurements of reflectivity reduction over time for 
Mo-top multilayers, and descriptions of another reflectivity recovery technique. Results 
from a detailed study of the reflection characteristics of Si-top Mo/Si multilayers are also 
reported. 
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3.2 Experimental Set-up 

All multilayer coatings in this study were deposited by planar magnetron sputtering in 
2.5 mtorr of argon. The base pressure was typically 10-6 torr. The substrates were 3" 
silicon wafers and General Optics optical flats. Silicon was RF sputtered at 13.56 Mhz at 
about 0.6 kW, while Mo was DC-sputtered at 250 W. The Si and Mo targets were at the 
bottom of the chamber, while the substrates were rotated at precise speed over them to 
control the deposition rate. The substrates were also rotated at approximately 300 rpm 
about their centers (planetary rotation) to ensure uniform deposition over their entire 
surfaces. Unless otherwise stated, all coatings consisted of 40 layer pairs of 70 A-period 
Mo/Si with reflection peaks between 135 A and 140 A. 

Normal incidence reflectivities were measured using a reflectometer with a laser- 
produced-plasma source [5 ] .  The spectral resolution of the reflectometer was set by a 
high throughput spherical grating monochromator with moderate resolving power ( A/& 
varies from 100 to 500). All reflectivity measurements was performed at 50 off-normal 
incidence in wavelength steps of 0.2 A. 

3.3 Determination of Oxidation 

Peak reflectivities of two Mo-top multilayer coatings deposited on optical flats in the 
same deposition run were monitored for over 300 days. The coating stored in air showed 
sharp reduction in its reflectivity over the first few days and a slower but continuing 
reduction of its peak reflectivity over the entire period of observation. The coating 
stored in argon, on the other hand, shows a much smaller and more gradual decrease in 

its reflectivity (Figure 3.1). This behavior provided indications that the reductions in 
coating reflectivity were the result of a surface chemical effect. 

In order to determine the nature of the surface chemical reaction, we (Underwood et al. 
[4]) used ESCA to investigate the surface chemical composition of a coating stored in 
air. The sample was a Mo-top Mo/Si coating with 20 bilayers, d-spacing of 87 A and r= 
0.4. It had been stored in air for over 300 days. A Mg Ka x-ray tube at 1253 eV was the 

ESCA excitation source. We also used ion beam etching together with ESCA to 
investigate how the chemical composition varies with depth into the sample. Each 



profiling cycle consists of an ESCA scan followed by an etching cycle to expose the 
lower layers. Each etching cycle is 30 seconds of ion beam sputtering with 1 mA/mmZ of 
2 keV argon ions. The results for 62 etch-and-scan cycles are shown in figure 3.2. The 
first cycle, corresponding to a scan of the surface layer, is at the bottom of the plots in 

figure 3.2 and the last cycle is at the top. 
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Figure 3.2. ESCA results from a Mo/Si coating with Mo as the top layer shows Mo peak 
at 232.65 eV on the surface, corresponding to MoO3. Si02 is detected at the Mo/Si 
boundary as shown by the 0 1s peak at 534 eV and the Si 2p peak at 108 eV. The Si02 
layer also acts as an effective barrier to oxygen diffusion, for no more oxygen can be 
detected below the silicon dioxide layer. 

The electron energy scan of the surface shows a peak in binding energy at 233 eV, 
corresponding to Moo3 [6]. The scan also reveals the presence of carbon 
contamination, as can be seen from the strong C 1s peak at 285 eV. Over the next ten 
etch-and-scan cycles, the Mo peak shifts toward lower energies, possibly due to the 
presence of MoO2. As etching continues, the peak shifts toward 227 eV corresponding 
to elemental Mo or molybdenum silicide. These results from ESCA show that oxidation 
of elemental Mo of the top layer to Moo3 and Moo2 was the reaction responsible for 
the reductions in reflectivity of Mo-top multilayers. Calculations show that partial 
oxidation of the top Mo layer is enough to account for the observed reductions in 
reflectivity [4]. 
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Another important feature in the ESCA results is the presence of a thin layer of Si02, as 
can be seen from the Si 2p feature at a binding energy of 108 eV and the 0 1s feature at 
a binding energy of 534 eV. Below the Si02 layer, no oxygen is detected, demonstrating 
the well-known fact that Si02 serves as an effective barrier to oxygen diffusion. 

3.4 Removal of Oxides 

For EUVL, the observed 10% reduction in reflectivity would result in a intolerable 
reduction in wafer throughput. A reduction of reflectivity from 62% to 50% in a system 
with seven reflective surfaces, for example, would reduce wafer throughput by a factor of 
four. Clearly, techniques to preserve or recover the high peak reflectivity are needed. 
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Figure 3.3. High peak reflectivity can be partially restored by removing the oxide layer. 
Oxide removal increased peak reflectivity of the Mo-top Mo/Si coating from 49% to 
55.5%, nearly as high as its reflectivity immediately after deposition (57%). 

One approach to recovering the reflectivity is to remove the oxidized molybdenum layer. 
Some initial cleaning techniques have been attempted by Underwood et al., including 
rinsing in hot and cold water, in acetone, in alcohol, and in H202 [4]. The results from 
these initial experiments suggests that a two-step cleaning process might be more 
effective in removing the oxide layer. The sample is first immersed in H202 for 15 
minutes to completely oxidize the molybdenum layer. It is then put into boiling water 
for another 15 minutes to remove the molybdenum oxides. 
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With this fairly crude technique, we were able to restore the peak reflectivity of a 
oxidized coating to nearly its reflectivity immediately after deposition. As shown in 
figure 33, the peak reflectivity of this Mo-top Mo/Si coating was 57% immediately after 
deposition. After having been stored for 195 days in air, the peak reflectivity was 
reduced to 50%. After oxide removal with the two-step cleaning process, peak 
reflectivity is 55.2%. 

A prominent feature in figure 3.3 is the 1.5 A shift in the reflection peak after oxide 
removal. Since the measurements of reflectivity before and after oxide removal were 
made within an hour of each other at the same monochromator setting, the shift is not 
likely to be the result of wavelength calibration errors in the monochromator. It could 
instead be due to the heating cycle in the oxide removal process, as seems possible from 
the data for a low temperature heating experiment to be presented in a following section. 

3.5 Mo/Si Multilayers with Si as the top layer 
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Figure 3.4. Peak reflectivity of Mo/Si mirror with Si as the top layer is nearly constant 
over 180 days, both for samples stored in air and samples stored in argon. The sample 
stored in argon was deposited on an optical flat with low rms roughness, and the sample 
stored in air was deposited on Si wafer substrate. As a result, the reflectivity of the in- 
argon sample is slightly higher than that of the in-air sample. The dashed lines show the 
average reflectivity over the measurement period. 

. 
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It is well-known that when a Si film is exposed to air, a 10 A to 20 A native oxide layer 
quickly forms above the Si film and becomes an effective diffusion barrier against further 
oxidation. This was observed in the ESCA results in figure 3.2. In light of this fact, 
Mo/Si reflective coatings with Si as the top layer were deposited and their reflectivities 
monitored. Figure 3.4 shows that reflectivity of a Si-top Mo/Si coating is roughly 
constant over the 150 days that it was stored in air. 

. 

A careful tracking of reflectivity actually shows reflectivity increasing slightly during the 
first few days following deposition. Figure 5 shows reflectivity for all samples used in this 
study. The specifications for all samples are shown in table 1. Reflectivities of all but 
one of the samples increased between the 1st and 5th days after deposition. Reflectivity 
measurements were performed on samples with four different top Si layer thicknesses - 20 
A, 38 A, 50 A, and 100 A. As a result, the increases in reflectivity are unlikely to be 
due to phase matching due to expansions of the top Si layer during the native oxide 
formation process. The physical basis for this effect is still unclear at this writing and is a 
problem worth investigating. 

Table 1. Sample Description - Mo/Si multilayer c 

Sample 

93-094 

93-095a 

93-095b 

93-096a 

93-096b 

93-097a 

93-097b 

atings, n = 40, d = 70 A, r - 0.45 

Top Layer 

38 A Si-top 

38 A Si-top 

20 A Si-top 

38 A Si-top 

100 A Si-top 

38 A Si-top 

50 A Si-top 



I I 1 day after deposition 0 5 days after deposition 

52u1956 93-096a 93096b -a M 7 b  

samples 

2 

7 

AR (%) 

0 

-1 

Samples 

Figure 3.5. Peak reflectivity of Si-top Mo/Si multilayer mirror increased slightly during 
the few days immediately following deposition for 6 out of 7 samples observed in this 
study. (a) Reflectivity after 1 and 5 days after deposition; (b) reflectivity changes 
between 1 and 5 days after deposition. 

3.5.1 Varying top Si layer thickness 

Since some expansions in the thickness of the top layer occur due to native oxide 
formation, it is not obvious how thick the top Si layer should be to maximize peak 
reflectivity. Since the phase matching for reflections from the top Si layer with the rest 
of the stack is lost due to film expansion during native oxide formation, it is possible that 
a thinner Si top layer would result in the optimum peak reflectivity. Coatings with 
different Si top-layer thicknesses were deposited to study the effect the Si top-layer on 
reflectivity. 
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Figure 3.6. Reflectivity for 40 bilayers Si-top Mo/Si multilayer coatings with different 
tpp Si layer thickness. The highest reflectivity was achieved with the top Si layer at 308 
A, the same thickness as the rest of the stack (6a). With top Si la er thickny of 20 A, 
the peak reflectivity is lowered by roughly 1%. Samples of 38 x and 20 Aotop layer 
t@kness were made in the same deposition run. Results for samples with 50 A and 100 
A top layer thickness are also shown (6b). 

Coatings with initial top Si layer thickness of 20 A, 38 A (same as the rest of the stack), 
50 A and 10 were deposited. The Si-layer thicknesses were controlled by varying the 
dwell time of the substrates over the targets. The samples with 20 A and 38 A top Si 
layer thickness were made in the same deposition run to eliminate differences in 

reflectivity due to run-to-run variations. For each sample with top Si-layer thickness of 
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50 A or 100 A, a control coating with top Si layer thickness of 38 A, the same as the rest 
of the stack, was also deposited to allow for estimation of reflectivity difference due to 
run-to-run variations. 

As seen in Figure 3.6(a), peak reflectivity is highest with the top Si-layer of 38 A, i.e. the 
same thickness as the rest of the stack. The reflectivity for the coating with 20 top Si 
layer was 61.5%. The reflectivities of coatings with 50 A and 100 A top Si-layer 
thicknesses, shown in figure 3.6(b), were -59%, or 2% lower than that for the control 38 
A Si-top coatings deposited in the same run. 

3.5.2 Effect of moderate heating on reflectivity 

For EUVL, the reflecting surfaces of the system, especially the condensers and masks, 
would experience moderately high incident radiation intensity. Due to absorption, this 
could translate into slight heating of the coatings. To observe any effect such slight 
heating might have on the native oxide layer and the multilayer coatings structure, 3 Si- 
top Mo/Si multilayer mirrors were heated on a hot plate at 360 C continuously for two 

weeks and their reflectivities measured over this period. The temperature was chosen to 
illustrate that the heating temperature was quite moderate. 

Each sample was observed, unheated, for a few days following deposition. A piece of the 
coating was then broken off and placed on the hot plate at 360 C. The reflectivity of 
both the heated and unheated pieces were measured over the next days to observe any 
differences between them. 

The results are similar for both samples, showing a 1.5 A shift in the reflection peak 1-2 
days after heating and no further peak shifts for the following week of continuous 
heating. This result might be consistent with those reported by Rosen et al. which shows 
a two-stage process in the interlayer silicide growth, with the strong initial “surge” 
possibly due to either relaxation in composition of the Mo-rich silicide layer to a more 
stable silicide or relaxation of residual stresses in the deposited film [?I. Similar shifts in 

reflection peaks in W/Si and W/C multilayers subjected to slight heating (55oC to 74oC) 
by wiggler irradiation have been reported by Kortright et al. [8]. A more detailed study of 
the behavior of multilayer coatings under moderate heating is being conducted at the 
Center for X-ray Optics to better the understand this effect. 
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Figure 7. Continuous heating at 3 6 O  C over two weeks does not affect the reflectivity of 
Si-top multilayer mirrors. However, shifts in the reflection peaks by -1.5 A were 
observed. The dark solid lines show reflectivity of the samples before heating, the 
dashed lines the reflectivity after 1 day of heating and the light solid lines the reflectivity 
after 5 to 9 days of heating. 
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3.6 Conclusion 

Mo/Si multilayer mirrors with Mo as the top layer suffer significant reductions in peak 
reflectivity over time when stored in ambient air. The cause for this reduction was 
determined to be oxidation of elemental Mo in the top layer into Moo3 and Mo02. 
The high peak reflectivity can be preserved simply by depositing Si as the top layer. 
Experiments showed the thickr;ess of the top Si layer should equal that of Si layers in the 
rest of stack for maximum reflectivity. Reflectivity can be also be partially restored by 
removing the Mo oxide layer by wet etching. 

Si-top Mo/Si coatings showed increases in reflectivity of 1% over the first few days 
following deposition. Slight continuous heating at 36oC produced 1.5 A wavelength 
shifts in the reflection peaks of the coatings. The physical basis of these effects are not 
well-understood at this time and deserve further studies. 
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Chaoter 4 
Effect of Substrate Defects on Aerial 

Images - Electromagnetic 
Simulations 

4.1 Introduction 

Masks for EUV lithography are made by depositing patterned absorber layers above 
multilayer reflective coatings. The periods of the coatings are optimized to provide high 
reflectivity at the operating wavelength of the lithographic printer. Such masks have 
been successfully fabricated and imaged [ 1-41. 

For semiconductor manufacturing, the masks must be defect-free. In other words, there 
can be no defect on the mask that would cause variations in the resist image greater than 
a certain limit. In lithography, this limit is typically 10-15% of the minimum feature size 
[5-81. In order to determine the maximum allowable defect size on a mask, printability 
studies are conducted, and many such studies have been performed for optical/DUV 
lithography [5-211. 

In an EUVL mask, mask defects can occur either on the substrate below the multilayer 
reflective coating, in the coating itself, or on the absorber layer. Preliminary studies 
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have shown that defects in the Asorber layer can be repaired with ion-assisted processes 
similar to those used for optical/DUV mask repairs [22,23]. 

Defects in the mask's multilayer ref7ective coating present a more serious problem for there 
is no multilayer coating repair technique presently available. Coating defects could arise 
from contaminants in the deposition chamber and from other sources of environmental 
contaminants in the cleanroom. While such defects on an optic would result in a 
distributed degradation of system performance, defects on a mask might cause variations 
in the printed patterns and affecting the achievable yield of the fabricated devices. 

In this chapter, results are reported from a detailed simulation study of the effect of 
coating defects on aerial images. Aerial images from masks with coating defects were 
calculated for different defect positions, defect sizes, and defect coverage profiles. This 
chapter contains the results and discussions of the various cases studied, together with 
descriptions of the mask geometries and the techniques used. 

4.2. Mask Geometry and Simulation Techniques 

4.2.1 Simulated Mask Geometry 

The masks simulated in this study were absorber overlayer masks. The reflective coatings 
consisted of 40 layer pairs of Mo/Si with 7 nm-period and I-', the ratio of Mo layer 

thickness to layer pair thickness, of 0.5. The absorber layers were 60 nm thick of 
germanium with 100 profile tilts to simulate imperfections in the absorber deposition and 
patterning process. However, electromagnetic simulation results reported in chapter 2 
already showed that such imperfections have little effect on the image [24]. 

In order to understand the manner in which the multilayer coating process covers the 
defects, transmission electron microscopy (TEM) was used to study the profiles of 
programmed defect [5]. This work will be described in more detail in chapter 5. The 
TEM work was done in collaboration with Tai D. Nguyen, a graduate student in 
Materials Science at UC Berkeley/Center for X-ray Optics. Examples of observed 
propagation profiles for defects are shown in figure 4.1. Figure 4.1 (a) is a cross-sectional 
TEM image of a Mo/Si coating over an unprogrammed defect of roughly 20 nm thick and 
80 nm wide. Some lateral spreading of defect geometry occurred due to film deposition, 
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resulting in a top layer perturbation of - 100 nm wide. Figure 4.l(b), a TEM cross- 
sectional image of a MolSi coating deposited over a propummed 40 nm thick gold step, 
shows observable distortions in the multilayer structure due to the presence of the defect 
edge. Such distortions would result in lower reflectivity from the defective area. The 
darker appearance towards the bottom of both images is due to the wedge shape of the 
samples, which are slightly thicker at the bottom than at the top. This is an artifact of 
the ion-milling process used to thin down the samples for TEM observation. 

To simulate profiles of defects covered by multilayer coatings in this study, I have used a 
model with two parameters empirically fitted to the observed coverage profile. The film 
deposition rate was assumed to be the same both on the substrate and on top of the 
defect. Deposition rate on the sidewall of the defect was assumed to be some fraction of 
the deposition rate on top of the defect. 

Horizontal propagation of defect geometry at each subsequent layer is denoted as Ax, 

where 

where d2 is the thickness of each layer on the substrate and on top of the defect - 3.5 
nm in this study. The parameter fd is the ratio of deposition rate on the sidewalls over 
that on the substrate. The parameter f h p  is an artificial damping constant chosen to fit 
the simulated profile to the observed profile, and n is the number of deposited layer 
measured from the substrate. These parameters are illustrated in figure 4.2. 

A reasonable fit to the observed profiles was obtained with fd of 0.4 and f h p  of 0.8. 
Unless stated otherwise, these values were used for all cases in this study. This model, 
however, did not take into account possible step height reduction and smoothing around 
the edges of the defects due to multilayer coating deposition. 
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Figure 4.1. (a) TEM cross-sectional image of an unprogrammed defect covered by a 40- 
bilayer, 7-nm period Mo/Si coating. Defect is 20 nm high and 80 nm wide on the' 
substrate. Lateral spreading of profile due to film coverage increase defect with to - 100 
nm at the top of coating. (b) TEM cross-sectional image of qo-bilayer, 7-nm period 
Mo/Si deposited above a 40 nm thick gold step, showing distortions in multilayer 
structure. 
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Figure 4.2. The model used to simulate defect coverage profile. The simulated defect 
profiles are fitted to observed defect profiles by adjusting fh and fA. 

The deposition could be more accurately simulated using SAMPLE, a program for 
Simulation and Modeling of Profiles in Lithography and Etching that was developed by 
the research groups of Professors W. G. Oldham and A. R. Neureuther at the University 
of California at Berkeley. An example of the coverage profile over a 10 x 30 nm line 
defect simulated with SAMPLE is shown in figure 4.3. The parameters of simulated 
profile can be adjust to produce an adequate fit to the observed TEM profiles. I have 
used the simple two-parameter model because it was sufficient for studies of relative 
effects. A more accurate profile simulation technique would be required if absolute 
magnitude of the effects were desired. 
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Figure 4.3. (a) An example of deposition profiles simulated by SAMPLE. The defect is a 
10 nm high by 30 nm wide line. An interesting feature seen here is the slight 
depressions formed at the edges of the defect. Similar depressions were observed in TEM 
cross-sectional images of defects. (b) A TEM cross-sectional image of 40 bilayers of 
Mo/Si deposited over a 20 nm thick gold step, showing edge depression. (TEM taken by 
Tai D. Nguyen, UCB/LBL). 
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4.2.2 Aerial Image Simulation Process 

As was described in chapter 2, aerial images of the reflective masks were calculated in a 
two-step process. First, the reflected field from the mask was calculated using TEMPEST, 
a two-dimensional time-domain fiiite-difference program for solving Maxwell equations 
[7,8]. TEMPEST was used because it is capable of calculating the effect of topography on 
images. The mask structures were input to TEMPEST in terms of the refractive indices 
and thickness of the materials. Examples of input profiles are shown in figure 4.4. 

The aerial images were synthesized from the reflected fields using Hopkins’s technique 
[9], taking partially coherent illumination into account. Aberration-free 4: 1 reduction 
imaging at 13.5 nm wavelength was simulated, with partial coherence factor CT of 0.5 
and numerical aperture of 0.1 corresponding to nominally 0.1 pm resolution. 

It is important to note that since this version of TEMPEST simulates only 2-dimensional 
structures and that periodic boundary conditions were imposed on the side boundaries of 
the simulation domain, the masks simulated here were repeating series of lines and spaces 
with repeating line defects on the substrate. Since real defects are most commonly 
isolated and particle-like in shapes, the effect of these simulated defects on aerial images 
are likely to be much more severe than would be encountered in  real defects. 
Furthermore, defect printability studies for optical lithography have shown that defects 
are more likely to be printed when they occur in periodic patterns [5]. For these reasons, 
the results reported here are useful for comparing the relative imaging characteristic of 
the different types of defects, not for their absolute effect on the image. 

43. Effect of Substrate Defects on Aerial Images 

4.3.1. Comparison of Substrate Defects and Absorber Defects 

The effects of substrate defects on images were first estimated by comparing their aerial 
images with those for absorber defects of the same size. Figure 4.4 shows the mask 
geometries and simulated aerial images for a mask with a 10 x 30 nm substrate line defect 
and a mask with an absorber defect of the same size. The aerial images for masks with no 
defect and 10 x 50 nm defect are also shown. Since a 4:l imaging system with 0.1 p m  
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resolution is simulated here, the minimum feature size on the mask is 0.4 pm, and a 30 
nm wide defect corresponds to less than 1/10 of the minimum feature size. 

Figure 4.5 shows that peak image intensity was reduced by 17% in the presence of a 10 x 
30 nm absorber defect line and by 60% in the presence of a substrate defect line of the 
same size. 

Since the multilayer coating may suffer abrupt profile changes in the region around the 
substrate defect, as seen in figure 4.l(b), the multilayer structure would be distorted and 
its reflectivity reduced. To simulate the reduced reflectivity, a thin gold absorber layer 
was added over the defective region (figure 4.6(a)). A 10 nm gold absorber reduces 
coating reflectivity from 70% to approximately 30%. Figure 4.6(b) shows the aerial 
images from masks with a 10 x 30 nm substrate defect covered by gold absorber layer of 
different thicknesses. In all cases, the capped defects resulted in higher image intensity. 
A thicker cap resulted in less reflected light from the defective region, thus lessening the 
defect’ s effect on the image. This suggests that phase effects play important roles in the 

’ large decreases in image intensity caused by the substrate defects. 
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Figure 4.4. Simulated mask geometries for substrate defect and absorber defect. The 
simulated defect lines are 10 nm thick by 30 nm wide substrate defect and 10 nm x 50 
nm absorber defect 
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Figure 4.5. A 10 x 30 nm substrate defect reduces peak aerial image intensity by 60% 
compared to 17% for an absorber defect of the same size. A 10 x 50 nm absorber defect 
reduces image intensity by 25%. 
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Figure 4.6. Input 
geometries for 10 nm cap and 30 nm cap are shown. Capping the defect reduces the 
reflected field from the defective area and lessens its effect on the image. 

Simulated geometry and aerial images for capped defects. 
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Figure 4.7. Reflected field intensities from mash with and without defect. The defect creates 
phase changes and zero crossings in the reflected field, thus reducing the aerial image intensity. 

The reflected field intensity from the uncapped 10 x 30 nm defect in figure 4.7 shows 
that the defect produces phase reversal in the field amplitude and causes zero crossings. 
While the defect is smaller than the resolution of the imaging system, the zero crossings 
effectively direct more power into higher diffracted orders of the reflected field and 
reduces power in the lower orders collected by the imaging optics. As a result, the 
intensity and contrast of the aerial image is significantly reduced in the presence of a 
substrate defect. 

Due to phase effects, the magnitude of the reduction in image intensity may be sensitive 
to the illumination wavelength. The illumination bandwidth on the mask in an EUVL 
printer would be controlled by the passband of the condensers coated with multilayer 
reflective coating. To simulate illumination with finite bandwidth, aerial images were 
calculated for masks with 4 X 30 nm substrate defects illuminated with 13 nm to 13.9 nm 
wavelength radiation. A thickness of 4 nm corresponds to approximately a 3\n phase 

shift for these wavelengths. 
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Figure 4.8. Effect of substrate defect on images under broadband and monochromatic illumiaation for a 100 
X 300 A substrate defect. The reflective peak for the coating is centered around 135 A. Under either 
illumination condition, the peak image intensity is reduced by 60% by the presence of the defect. 

The aerial images were calculated for ten wavelengths, from 13 nm to 13.9 n m  in 0.1 nm 
increment . The results were then added and averaged over the number of wavelengths. 
Interactions between different wavelengths were ignored, since interferences between 
different wavelengths would result in moving patterns that average out over the length 
of the exposure time. Figure 4.8 shows that for both single- and multi-wavelength 
illumination, the presence of a 4 x 30 nm defect line produces - 60% reduction in image 
intensity. 

The results in this section show that substrate defects result in larger reduction in aerial 
image intensity compared to absorber defects of the same size. In the following sections, 
the results of a systematic study of the effect of multilayer defects on aerial images will be 
described, showing how the aerial images vary for different defect sizes, defect positions, 
and film coverage profiles. Since the difference between the image intensity reductions 
for multi-wavelength and single-wavelength illumination is small, all the calculations to 
follow were made with single-wavelength illumination. 

87 



4.3.2. Image vs. Defect Size 

4.3.2. (a) Image vs. Defect Height. 

The effect of defect height was studied by calculating the aerial images from masks with 
30 nm wide defects of different heights. Figure 4.9 shows the aerial images from masks 
with defects of 1 nm, 3 nm, 4 nm, and 7.5 nm heights. Since phase effects dominate the 
imaging process for thin coating defects, defects causing a phase shift of greater than v4, 
i.e. defects thicker than hJ8 on a reflective mask, would introduce zero crossings into the 
reflected field. At 13.5 nm illumination wavelength, h/8 corresponds to 1.7 nm. 

As seen in figure 4.9, while a 1 x 30 nm defect line has little effect on the aerial image, a 
3 x 30 nm defect line reduces the image intensity by more than 50% by introducing a 
phase shift of nearly n . A 4 x 30 nm defect line results in even larger intensity 

reduction. A 7.5 nm high defect, however, results in smaller intensity reduction than 
both the 3 nm and 4 nm defects because it causes a phase shift slightly more than 2n for 
the radiation reflected from the area above the defect. However, n: phase shifts occur at 

the edges of defect due to lateral spreading of defect geometry in the simulated coverage 
profile. As a result, the reduction in image intensity with a 7.5 nm defect is larger than 
that with a 1 nm high defect. Thicker defects also result in more scattering from their 
topographies. The combination of zero crossings at the edges and increased scattering for 
thicker defects results in the damped oscillatory behavior for image intensity as a 
function of defect height shown in figure 4.10. 
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Figure 4.9. Images from masks with 30 nm wide substrate defect with different 
heights. Simulated mask geometries for 1 nm and 7.5 nm high defects are shown, 
together with aerial images for defects of 1 nm, 3 nm, 4 nm and 7.5 nm heights. 
Defects of 3 nm and 4 nm heights result in large intensity reductions because they 
introduce near-180° phase shifts into the reflected field. 
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Figure 4.10. Peak image intensity vs. defect height for a 30 nm wide substrate defect. The 
damped-oscillatory behavior vs. defect height is due to the phase nature of the defects and 
increased scattering with thicker defects. 

4.3.2. (b) Image vs. Defect Width. 

The effect of defect width on aerial images was studied by comparing the calculated 
aerial images of masks with 4 nm high substrate defects of different widths. Figure 4.11 
shows the aerial images and reflected field amplitudes for masks with defects of 5 nm, 10 
nm, and 20 nm widths. As expected, wider defects resulted in larger image intensity 
reduction. 

The results show that a 4 x 5 nm defect line causes a 50% reduction in peak image 
intensity. It  is somewhat surprising that such a small line defect can cause such a large 
decrease in image intensity. However, at small defect dimensions, the physical accuracy 
of the coverage profile model is questionable. In the two-parameter model, the 
smoothing of edges and reduction of defect step height were not taken into account. As 
will be shown in chapter 5, significant smoothing does occur as defects of nm dimensions 
are covered by 40-bilayer, 7-nm period multilayer coatings. 
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Figure 4.11. Image vs. defect width for 4 nm high substrate defect, showing that very 
small defects may cause large intensity reduction. However, smoothing of defects was 
not taken into account in the coating coverage model used in this calculation (figure 
4.2). 

An example of such a smoothing process is shown in figure 4.12, a TEM cross-sectional 
image of a 2 nm high by 3 nm wide defect covered by a Mo/Si coating. In this case, the 
defect is progressively smoothed over as layers of materials are deposited above it. Since 
most of the reflected light comes from the top layers, such smoothing would result in 
smaller effective defect height and would reduce the effect of such defects on the aerial 
image. 
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4.3.3. Image vs. Defect Position 

4.3.3 (a). Image vs. Defect Horizontal Position. 

The aerial images of masks with 10 x 30 nm defects placed at different vertical and 
horizontal positions relative to the absorber pattern were calculated to study the effect of 
defect positions. Figure 4.13 shows images of masks with substrate defects located 
different horizontal positions. The notations in the figure indicate how far the defect is 
displaced from the center of the clear region on the mask. Thus a “-0.05 pm” defect is a 
defect displaced by 0.05 pm to the left of the center on the clear region, and a “+0.15 
pm” defect is a defect displaced by that distance to the right. Distances were as measured 

on the masks. Results show that the largest intensity reduction occurs with the defect 
centered in the clear region of the mask. Similar behaviors have been observed for phase 
defects on phase-shifting masks in optical lithography [12]. The closer the defect is to 
the absorber pattern, the smaller the reduction in intensity. The intensity peaks also 
shift with defect positions. 

Figure 4.14(a) shows the effect of defect position on image intensity. The image 
intensity increased by a factor of 2 as the defect is shifted by 0.15 pm from the center of 

the mask‘s clear region. The increase in intensity was slightly different when the defect 
was shifted in opposite directions due to the 50 off-normal incident angle in this study. 

The locations of the image intensity peak also varied with defect positions. As the 
defect was shifted away from the center of the clear region, the image intensity peak was 
shifted in the opposite direction. Figure 4.14(b) shows that the largest change in peak 
positions occurs as the defect is shifted around the center of the clear region. As the 
defect shifts to the left (to the negative x-direction) by 0.05 p m  on the mask, it shifts to 
the right (positive y-direction) by 0.015 p m  on the image plane. At 4:1 reduction 
imaging, 0.05 pm on the mask correspond to 0.0125 pm on the image plane. Therefore, 

a shift of defect position on the mask has resulted in a slightly larger shift in the opposite 
direction for the image peak. Further shifts of defect position away from the center of 
the clear region have less impact on the image peak‘s position. In fact, as the defect is 
moved more than 0.1 pm uwuy from the center of the clear region, the image peak shifts 

towurd the center of the clear region. 
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Figure 4.13. Images from masks with 10 x 30 nm substrate defects at different horizontal 
positions relative to the center of the clear region on the mask. The notations indicate 
how far the defect is displaced from the center to clear region on the mask. Geometries 
corresponding to defect positions of - 0.05 pm and 0.15 pm are shown. 
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Figure 4.14. (a) Effect of defect position on image intensity peaks. The substrate defect 
is 10 x 30 nm as measured on the mask. Largest reduction in image intensity occurs 
when defect is located at the center of the clear region. (b) Effect of defect position on 
aerial image position. The position of image intensity peaks shift in the opposite 
direction of the defect position. The largest change in peak position occurs as the defect 
position is moved around the center of the clear region, i.e. from -0.05 pm to 0.05 pm 
from the center of the clear region on the mask. Further shifts in defect position have 
lesser effects. 
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The behavior of the peak intensity and peak position can be explained in part by 
examining the reflected fields (figure 4.15). The defect, by creating zero crossings in the 
reflected field, has effectively created two smaller lines from one 0.4 pm line on the 

mask. As the defect is shifted from the center, the position of the zero crossing shifts 
along with it, making one line larger at the expense of the other. 
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Figure 4.15. Reflected field intensity from masks with 10 x 30 nm substrate defect at 
different horizontal positions, relative to the center of the clear region of the mask 
Numbers on the graph indicated displacement from center of the clear region on the 
mask. 

The results show that the image intensity was dominated by the larger feature and 
increased with larger defect shifts from center because that feature was effectively larger. 
The peak position was similarly dominated by the larger feature. As the defect was 
shifted toward the absorber, the center of the larger line shifted first in the opposite 
direction of the defect, and then in the same direction with the defect as shown in figure 
4.13(b). A defect under the absorber layer had no effect the image. 

4.3.3 (b). Image vs. Defect Vertical Position. 

The effect of the defect's vertical position was studied by comparing aerial images from 
masks with 10 x 30 nm defects centered in the clear region located at different vertical 
positions in the multilayer stack. Figure 4.16(a) shows masks with 10 x 30 nm defects 
located at the 10th bilayer and 30th bilayer from the top. Figure 4.16(b) shows the images 
from masks with 10 x 30 nm defects at different vertical positions - on top of the 
multilayer coating, above the 10th layer pair, above the 20th layer pair, and above the 
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30th layer pair. The results show that the deeper the defect is located in the coating, the 
larger the reduction in image intensity. They also show that the reduction in intensity is 
largest when the defect is shifted from the top layer to the 10th layer, and is smaller when 
the defect is shifted from the 10th to 20th layer, and smaller still for subsequent shifts. 
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Figure 4.16. Images of masks with 10 x 30 nm defect at different vertical positions in the 
multilayer stack. Geometries for defect at loh and 30* bilayers from the top are shown. 
f h p  is 0.8 for all cases. 

At least two factors contributed to this behavior. First, since the out-of-phase 
component of the reflected radiation results from reflections off the layers above the 
defect, deeper defects result in larger out-of phase components in the reflected fields, 
hence larger reductions in image intensity. This result is analogous to those obtained for 
capped defects (see figure 4.6). The second factor contributing to the larger intensity 
reduction with deeper defect is the lateral spreading of defect profiles. 
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To estimate the relative contributions of these two effects, the calculations were 
repeated for a 10 x 30 nm with f b p  of 0.2 corresponding to virtually no lateral 
propagation (see figure 4.17). Any differences in image intensity reduction between 
cases with f- of 0.8 and f- of 0.2 can be attributed primarily to lateral propagation 
of the defect topography. 

Figure 4.18 shows that lateral spreading of defect profile results in an additional 15% 
image intensity reduction for defects located on the 10h bilayer from the top, 30% for 
20th bilayer defects, and 40% for 30th bilayer defects. With no lateral spreading, the 
decrease in image intensity saturated with deeper defects since the lower layers of the 
coatings contributed less and less to the reflected field. With lateral spreading, deeper 
defects resulted in larger effective defect sizes at the upper layers, thus effected the larger 
image intensity reductions. 
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Figure 4.17. Simulated masks for calculations of images under different vertical defect 
position, for two different coverage profiles --fhmp = 0.2 and fhmp = 0.8.. Defects 
located at the 30h bilayer from the top are shown. 
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Figure 4.18. Aerial image intensity vs. vertical defect position for two different coverage 
profiles. With defects at the same position, lateral spreading of defect geometry (fw = 
0.8 vs. fhmp = 0.2) results in larger reduction in image intensity. 

4.3.4. Image vs. Defect Coverage Profile 

Results from the previous section suggest that different multilayer coating coverage 
profiles would result in different aerial images for the same defect on the substrate. To 
study the effect of coverage profile, aerial images from masks with 10 x 30 nm substrate 
defect were calculated for four different damping factor f- - 0.3, 0.6, 0.8 (the 
standard coverage profile), and 0.9 (figure 4.19). 

Figure 4.20 shows that larger lateral spreading of the defect geometry due to coating 
deposition resulted in larger reductions in image intensity by increasing the defect’s 
effective size. An experimental study into the defect coverage profile of sputtered 
deposited Mo/Si multilayer reflective coatings is the subject of the next chapter [25]. 
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Figure 4.19. Masks with 10 nm x 30 nm substrate defects for four different coverage 
profiles. To obtain the profiles, fsik was set to be 0.4 and f h p  set to be 0.3,0.6, 0.85 
and 0.9. Larger fdamp corresponds to greater lateral propagation of defect geometry. 
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Figure 4.20. Images from masks with 10 nm x 30 nm substrate defect for different 
coverage profiles. corresponding to different damping factor f-. 
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4.4. Conclusion 

Electromagnetic simulations of aerial images from EUVL masks with defects in the 
reflective coatings show that substrate and coating defects can have significant effects on 
the images. Since coating defects produce phase variations in the reflected field, defects 
thicker than h/8 on a reflective mask can cause large reductions in image intensities. At 
an illumination wavelength of - 13 nm, defects of 2 nm thick can have a significant 
effect on the image. 

Aerial image intensity decreases in a damped-oscillatory manner with increasing defect 
height and in a monotonic manner with increasing defect width. Defects located on the 
substrate and at the center of clear region on the mask cause the largest image intensity 
reductions. 

The manner in which the substrate defect is covered by the multilayer coating 
deposition process also affects the image. Since the upper layers of the multilayer stack 
contribute the major share of the reflected light, a larger lateralspreading of the defect 
increases its effective size at the top layers and thus increasing its effect on the aerial 
image. 

Figure 4.21 summarizes the results of this chapter. It shows a high-printability defect - 
one that is on substrate, in the center of the clear region with large lateral spreading, and 
a loweprintability defect - one that is close to the top of the coating, close to the 
absorber pattern with little lateral spreading. 
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Figure 4.21. High printability defect vs. low printability defect. (a) A high printability 
defect - a defect in the center of the clear area, having large lateral spreading due to 
coverage profile and located on the substrate, (b) a low printability defect - one that is 
close to the absorber line, has little lateral propagation and is located in the upper layers 
of the multilayer coating. 
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ChaDter 5 
Defect coverage profiles in sputter, 
deposited Mo/Si multilayer coatings 

5.1. Introduction 

Electromagnetic simulations described in chapter 4 indicate that defects in the 
multilayer reflective coatings on EUVL masks can cause significant reductions in image 
intensity. The magnitude of the reductions depends on the size and position of the 
defects, and on the defect coverage profiles. 

This chapter describes an experimental study of the defect coverage profiles for 
sputtered deposited Mo/Si multilayer coatings with atomic force microscopy ( A M )  [l , 
21 and transmission electron microscopy (TEM) [3]. The coverage profiles were 
characterized in terms of changes in the step heights, edge slopes, linewidths. The 
evolution of roughness due to the deposited coatings was also studied by measuring the 

roughness of the samples before and after multilayer coating deposition. An AFM was 
used to measure these quantities and a TEM was used to qualitatively confirm the 
observed trends. 
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5.2. Experimental Setup 

5.2.1. Sample preparation 

Four different samples with programmed defects were observed with an AFM before and 
after multilayer coating depositions to quantify how the deposited coatings affect the 
profiles of the defects. Sample geometries are shown in figure 5.1. Two of the samples 
had on them 0.15 pm wide and 30 nm thick nickel lines-and-spaces patterned with 

electron beam lithography, electroplating and lift-off (figure 5.1(a)). One of these two 

samples was coated with 40 bilayers of Mo/Si with bilayer thickness of 7 nm, resulting in 
a total film thickness of 280 nm (figure 5.1(c)). The other sample was coated first with a 
200 nm Si buffer layer before the 40 bilayers of Mo/Si was deposited, resulting in a total 
film thickness of 480 nm (figure 5.1(d)). Both samples were coated in a single 
deposition run. These samples were used to study how the step heights, edge slopes and 
linewidths are affected by the deposited film. 

Two other samples had on them 2 p m  wide and 20 nm thick gold lines-and-spaces 

patterned with optical lithography, evaporation and lift-off (figure 5.1 (b)). Once again, 
40 bilayers of Mo/Si with 7 nm-period were deposited on the samples, one of which was 
also coated with an additional 200 nm Si buffer layer (figure 5.l(c), 5.1(d)). The gold 
films were quite rough and were useful for studying how roughness and small features 
with sizes of a few nanometers are affected by the coating deposition process. 

Approximately ten other samples were prepared for "EM observations. These consisted 
of 40 bilayers of 7 nm-period Mo/Si multilayer coatings deposited over gold steps. The 
step heights ranged from 2 nm to 15 nm. All multilayer coatings in this study were 
deposited under conditions similar to those described in chapter 3. 
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5.2.2. Observation Techniques 

A commercial AFM from Park Scientific was used to measure step heights, edge slopes, 
linewidths and film roughness. Features measured in this study were at least a few 
nanometers in size and can be clearly resolved by the instrument. 

The scan direction is along the cross section of the lines, making it easier to measure 
changes in step heights and edge slopes. In order to eliminate possible differences in the 
vertical baseline between different line scans, all quantities were calculated from data 
obtained over individual line scans. The values for steps heights, edge slopes, linewidths 
and film roughness were then obtained by averaging over the line scans in the region of 
interest. 

The samples were prepared for cross-sectional TEM observation by the standard process 
of mechanical thinning followed by ion milling. High resolution TEM observations were 
performed by Tai D. Nguyen, with a JEOL JEM 200 CX microscope operating at 200 kV. 

5.3. Defect Coverage Profile 

AFM measurements were performed on samples with nickel lines 0.15 p m  wide and 

nominally 30 nm thick, before and after film deposition to study changes in step heights, 
edge slopes and line widths caused by the multilayer coating deposition process. Since 
there are differences among the lines on the samples, only the tip area of a marked line 
on each sample was observed in order obtain meaningful results (see figure 5.1 for 
measured areas). Due to some non-uniformity in the electroplating process, the lines 
had 70 nm high raised features at their ends. These extra features were useful for 
observing how the film coverage profiles vary for different initial step heights. The 
results for samples with and without the 200 nm buffer layer are tabulated in table 1 . 
The AFM images of the features themselves are in figure 5.2 and 5.3. 
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Table 1. Changes in step heights, edge slopes and linewidths of 0.15 pm wide, - 30 nm 
high features due to the multilayer film deposition process is tabulated. Each value is an 
average over ten line scans with indicated standard deviation. 

Without 200 nm Si buffer layer 

Before deposition After deposition 

Average Sd Average Std A 

Line 

Edge slope (deg.) 60.4 1.1 12.6 
-12.9 (46%) Step height (nm) 33.5 2.5 18.1 0.8 

0.7 -47.8 (83%) 

End plateau 
Step height (nm) 73.2 18 55.7 3.8 -17.4 (24%) 
Edge slope (deg.) 63.2 4.4 28.5 4.1 -37.7 (60%) 

With 200 nm Si buffer layer 

Before deposition After deposition 

Average Std Average Std A 

Line 

edge slope (deg.) 53.1 3.7 9.0 0.7 -47.8 (83%) 
step height (nm) 27.9 1.8 15.0 0.9 -12.9 (46%) 

End plateau 
step height (nm) 59.5 7.5 25.5 1.1 -33.9 (57%) 
edge slope (deg.) 57.7 5.6 13.0 1.2 -44.7 (77%) 

Figure 5.2(a) and 5.2(b) show the profile of one end of a 0.15 p m  wide nickel line before 

and after multilayer coating deposition, without the buffer layer. The higher end 
plateaus on both figures are the ends of the line. The steps in the x-direction in figure 
5.2(b) around 300 nm and 350 nm are artifacts resulting from glitches in the AFM's 
probe movement. Figure 5.3(a) and 5.3(b) show a 0.15 pm wide nickel line before and 

after multilayer coating deposition. This sample was coated with a 200 nm Si buffer 
layer in addition to the 40 bilayers of Mo/Si. 

110 



TU 

35 

mn 

70 

35 

0.0- -0.0 

Figure 5.2. AFM image of electroplated 0.15 pm lines showing the 70 nm high raised end 
plateau and 30 nm high nickel lines, (a) before deposition, (b) after deposition without 
buffer layer. The deposited coating consisted of 40 bilayers of Mo/Si with d-spacing of 7 
nm, resulting in a total coating thickness of 280 nm. Changes in the baseline along the 
X-axis in (b) is a measurement artifact due to glitches in AFM tip movements. 

111 



P 

Figure 5.3. AFM image of electroplated 0.15 pm lines, (a) before coating deposition, (b) 
after coating deposition, with 200 nm Si buffer layer. The deposited film consisted of 
200 nm Si buffer layer and 40 bilayers of Mo/Si with d-spacing of 7 nm, resulting in total 
film thickness of 480 nm. 
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Significant reductions in step heights were observed after multilayer coating deposition 
for both samples. Without the bujfer layer, the height for the line (as opposed to the end 
plateau) decreased from 33.4 nm to 18 nm (15 nm decrease). The height for the end 
plateau decreased from 73. I nm to 55.7 nm (1 7.4 nm decrease). The above values for 
step heights were averaged over ten line scans with the standard deviation shown in 
table 1. 

. 

With the 200 nm buffer layer, similar reductions in step heights were observed. The 
height of the line was reduced from 27.9 nm to 15 nm (13 nm decrease), and the height 
of the end plateau was reduced from 59.4 nm to 25.5 nm (33.9 nm decrease). On the 
sample coated with the buffer layer, the reduction in the step height was much larger for 
the end plateau compared to the rest of the line, 33.9 nm compared to 13 nrn. 

The measured step height reduction implies lower effective deposition rate over the 
defect, and that the multilayer stack is thinner over the defective area. It is possible that 
surface mobility of the sputtered-deposited atoms is affected by defect topography, that 
while their diffusion onto the defect is obstructed by the step, diffusion off the defect is 
not. 

4 

Changes in edge slopes were also measured for both samples. The data show that thicker 
deposited film resulted in greater edge slope reduction. On the sample without the buffer 
layer (figure 5.2(a) and 5.2(b)), the edge slope decreased from 600 to 12-50 for the line, 
and from 630 to 280 for the end plateau. The angle of - 600 corresponds to the 
maximum measurable edge slope for the AFh4 tip used in this experiment. 

On  the sample with the 200 nm Si buffer layer (figure 5.3(a) and 5.3(b)), edge slopes 
decreased from 530 to 80 for the line and from 570 to 130 for the end plateau. With and 
without the buffer layer, the edge slope reduction for the end plateau is less than that for 
the line. For both the line and the end plateau, the addition of the buffer layer resulted 
in additional edge slope reduction. 

For the line, the addition of the buffer layer resulted in a small additional reduction in 
the edge slope, from 12.50 to 80. For the end plateau, however, the addition ofxhe buffer 
layer reduced the edge slope from 280 to 130. This suggests that the reduction in the 
edge slope progresses more rapidly at steeper angles. 
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Linewidths on the sample with the 200 nm Si buffer layer were measured in terms of two 
quantities, the full-width half-maximum (fwhm) linewidth and the “extent” of the line. 
The “extent” of the line is the width of the line beyond which no further disturbance of 
the topography can be measured. Table 2 shows that while the fwhm linewidth stayed 
nearly constant before and after coating deposition, the “extent” of the line increased 
from 176 nm to 300 nm. This linewidth measurement is consistent with the 
measurements for step height and edge slope. Recalling that after film deposition with 
the buffer layer, the step height was reduced from 30 nm to 15 nm and edge slope was 
reduced to 90. This corresponds to a spreading of 95 nm on each edge, thus the expected 
linewidth would be 365 nm, compared to the measured linewidth of 300 nm. 

Table 2. Changes in linewidth due to coating deposition. The deposited coating 
consisted of a 200 nm Si buffer layer and a 40-bilayer Mo/Si coating with d-spacing of 7 
nm. 

Before deposition After deposition 

fwhm extent hhm extent 

linewidth (nm) 164.6 176.6 151.0 297.0 
stand. dev (nm) 5.9 14.0 3.1 8.0 

Transmission electron microscopy (TEM) was used to observe the profiles of multilayer 
coatings deposited over gold steps of heights ranging from 2 nm to 15 nm. Figure 5.4(a) 
shows a cross-sectional TEM image of a 40-bilayer, 7 nm-period Mo/Si multilayer 
coating deposited above a 8 nm evaporated gold step on a Si substrate. It shows the edge 
slope decreasing gradually with each subsequent deposited layer. This result is consistent 
with the data obtained with the AFM. Figure 5.4(b) is a plot of edge slope angle versus 
the number of Mo/Si layer pair deposited on the 8 nm step as taken from figure 5.4(a). 
A rapid reduction of edge slope was observed between the 12th and 22nd bilayers, from 
500 to 150. 

Figure 5.5(a) and 5.5(b) are additional TEM cross-sectional images of step coverage 
profiles. Figure .5.5(a) shows the profile for 40 bilayers of Mo/Si with 7 nm-period 
deposited above a 20 nm gold step. The white region at the edge of step is an undercut 
that occurred during the lift-off process. The lateral spreading of the defect and 
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distortion of the multilayer coating structure can be seen. Figure 5.5(b) shows the profile 
for 40 bilayers of Mo/Si with 7 nm-period deposited over a 4 nm gold step. There is no 
edge undercut in this case and little lateral spreading of defect profile or distortion of 
multilayer structure can be observed. 

Based on data from the AFM and TEM observations, the evolution of the profiles of 
multilayer coatings deposited over programmed defects can be divided into three stages. 
The first stage is characterized by significant disturbance of the multilayer structures, the 
second by rapid reduction in step heights and edge slopes, and the third by much slower 
changes in both edge slopes and step heights. 

The first stage can be observed in the first five to seven layers in figure 5.4(a). Much 
disturbance of the multilayer structure occurred and discontinuity in the coating profile 
can be seen. The magnitude of the disturbance depends on the profile of the defect, the 
amount of edge undercut and the step height. These dependencies can be qualitatively 
observed in figure 5.5. 

In the second stage, the layered structure is reestablished at the edge and the profile 
rapidly approach the characteristic profile of the deposition process. For the sputter- 
deposited coatings studied, the profiles were characterized by edge slopes of 100 to 150. 
Rapid changes in the step height and the edge slope occur with each subsequent layer 
deposition during this stage. In figure 5.4(a), this can be seen between the 12th and 2 2 d  
bilayers. 

In the third stage, step heights and edge slopes reduction continued, but at a much 
slower rate. This can be observed by comparing the changes in step height and edge 
slope for the 30 nm line regions, with and without the 200 nm Si buffer layer. Little 
differences in step height and edge slope reduction were observed by the addition of the 
buffer layer, consistent with a feature that has reached its characteristic profile. 

The AFM images in figure 5.2 and 5.3 and the linewidths extracted from them (table 2) 
show that the lateral spreading of defects with 0.15 pm dimensions are not strongly 
dependent on the initial defect heights at film thicknesses of 500 nm or less and defect 
thicknesses of 70 nm or less. This is demonstrated by the fact that the 70 nm end 
plateaus and the 30 nm lines resulted in nearly equal lateral spreads. 
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There was not enough data to extend this finding to larger defects and thicker film. If 
differential mobility due to topography was the mechanism responsible for the observed 
step height reductions, then the magnitude of the reductions would decrease with 
increased defect size, and thicker defects with sufficiently large lateral dimensions would 
result in larger lateral spreading. In addition, the results obtained here showed that step 
height and edge slope reductions slow down when defect edge slopes of -100 were 
reached. It  was also found that this characteristic edge slope was more quickly reached 
with thinner defects, and once the defect has reached its characteristic profile, additional 
layers cause little change to it. As a result, additional deposited layers of materials affect 
the profiles of thicker defects more strongly than the profiles of thinner defects. Thus, 
thicker films than were deposited here may result in more lateral spreading for thicker 
defects. 
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Figure 5.4. TEM images of cross section of sample, showing the defect and the 40 
bilayer, 7 nm-period, MolSi multilayer coating above it, (a) a multilayer coating 
deposited above an 8 nm evaporated gold step, (b) the edge slope vs. the number of 
bilayer deposited on an 8 nm evaporated gold step. Data was taken from (a). 
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Figure 5.5. TEM cross-sectional images of 40 bilayers of Mo/Si multilayer coatings with 
7 nm d-spacing deposited over gold steps. (a) The gold step is 40 nm high, deposited by 
evaporation and lift-off. Undercut results in lateral spreading and distortion of 
multilayer structure. (b) The gold step is 4 nm high with no undercut. Little lateral 
spreading and distortion of multilayer structure is observed. 
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5.4. Roughness propagation 

Two samples with 2 p m  lines of - 20 nm thick evaporated gold coated with 40 bilayers 

of 7 nm-period M.o/Si multilayer coatings were examined to study how roughness 
propagates with the deposited film. One sample was coated with an additional 200 nm 
Si buffer layer (see figure 5.1). The roughness of the gold lines and the Si substrates were 
measured, with an A M ,  for both samples before and after multilayer coating deposition. 
Results of the roughness measurements are tabulated on Table 3. A large standard 
deviation implies the presence of large features on the film. The AFM images of the two 
samples before and after coating deposition are shown in figure 5.6, for the sample 
without a buffer layer, and in figure 5.7, for the sample with a 200 nm Si buffer layer. All 
figures show edges of the 2 pm lines. 

Table 3. Roughness over different areas of sample before and after multilayer film 
deposition. The multilayer coating consisted of 40 bilayers of 7 nm-period Mo/Si. The 
buffer layer is 200 nm of Si. 

Without 200 nm Si buffer layer 

Before deposition After deposition 

On wafer On Au film Onwafer OnAufilm 

RMS roughness (nm) 0 3  1 3.43 032 1.75 
standard deviation (nm) 0.13 0.87 0.12 0.95 

With 200 nm Si buffer layer 

RMS roughness (nm) 0.22 3.27 0.7 0.84 
standard deviation (nm) 0.06 0.84 0.14 0.16 

Figure 5.6(a) shows the edge of the gold line before deposition, and figure 5.6(b) shows 
the same edge after 40 bilayers of 7 nm-period Mo/Si was deposited. The large arrows 
point to two distinguishing features that can be seen before coating deposition. Similarly, 
figures 5.7(a) shows an edge before deposition, and 5.7(b) shows the same edge after the 
200 nm Si buffer and 40 bilayers of Mo/Si was deposited. 



Of the two features marked by arrows in figure 5.6(a), one is 5 nm deep and 70 nm long, 
and the other is 5 nm deep and 30 nm long. Both were significantly smoothed over after 
coating deposition. The smaller granular features on top of the evaporated film were 
similarly smoothed out (figure 5.6(b)). Table 3 shows that roughness over the gold film 
was reduced from 3.4 nm rms to 1.7 nm rms by coating deposition while roughness over 
the Si substrate stayed nearly constant at 0.3 nm rms. 

Further smoothing of the evaporated film occurred when an additional 200 nm Si buffer 
layer was deposited prior to multilayer coating deposition. Figure 5.7(a) and 5.7(b) show 
that features along the edge of the line were smoothed out, and so were the small 
granular features on the evaporated gold film. Roughness over the gold film decreased 
from 3.2 nm to 0.8 nm, a larger reduction in roughness compared to that obtained for the 
sample without the buffer layer (Table 3). However, roughness of over the Si substrate 
increased from 0.2 nm to 0.7 nm. Roughness of this magnitude can significantly affect 
the reflectivity of multilayer reflective coatings deposited above it. In this case, the 
measured reflectivity of the multilayer coating deposited without a buffer layer was 
61.7% compared to 43% for one deposited above the buffer layer. 

This increase in substrate roughness is likely to be due to the 200 nm thick Si buffer 
layer, for no increase in substrate roughness was observed when only the Mo/Si coating 
was deposited. This result is similar to the increased in the roughness observed in 

amorphous W/C multilayer coatings and crystalline W film with increased film thickness 

[4]. It is also consistent with results from a study by Savage et al. which found that 
interfacial roughness between layers in a W/C multilayer increased with multilayer 
period [5]. 
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Figure 5.6. AFM image of an edge of a 20 nm high evaporated gold step showing 
roughness propagation with 40 bilayers of Mol% without the buffer layer, (a) before 
coating deposition and (b) after coating deposition. Roughness of the gold film decreased 
from 3.4 nm rms to 1.7 nm rms after Mo/Si deposition. The large arrows point to two 
features easily seen prior to coating deposition, one 5 nm deep and 70 nm long and the 
other 5 nm deep and 30 nm long. Both were significantly smoothed out after deposition. 
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Figure 5.7. AFM image of an edge of a 20 nm evaporated gold step before and after 
coating deposition. Deposited coatings consist of 200 nm Si buffer layer and 40 bilayer, 
7 nm-period Mo/Si multilayer, (a) before Mo/Si deposition and (b) after Mo/Si 
deposition. Roughness of the gold film decreases from 3.2 nm rms to 0.8 nm rms. 
However, roughness of Si substrate increases from 0.2 nm rms to 0.7 rms. (Vertical 
baseline not calibrated) 

122 



Figure 5.8 shows a TEM cross-sectional image of a 7-nm-period Mo/Si multilayer coating 
deposited above a 4 nm evaporated gold film. The first layer deposited over the gold film 
is Mo, a high-2 element. As a result, the boundary between gold and Mo is somewhat 
difficult to distinguish. Arrows indicate features on the gold film and their smoothing by 
the deposited coating. This figure provides a qualitative picture of the evolution of 
roughness in Mo/Si multilayer coatings. 

gcli film 

Figure 5.8. TEM cross-sectional image of a 7 nm Mo/Si multilayer coating deposited 
above a 4 nm evaporated gold film. The first layer deposited over the gold film is Mo, a 
high-z element. As a result, the boundary between gold and Mo is difficult to 
distinguish. Arrows indicate features on the gold film and their subsequent smoothing by 
the deposited film. 

5.5. Conclusion 

Observations with an AFM of features of 20 nm, 30 nm and 70 nm heights covered by 
Mo/Si coating show that step heights and edge slopes of 0.15 pm wide programmed 
defect lines were significantly reduced after multilayer coating depositions. These effects 
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were confirmed by TEM images of coatings deposited over gold steps of similar heights. 
The evolution of coverage profile over features as a function of deposited coating 
thickness can be divided into three stages. The first stage is characterized by much 
disturbance of the multilayer structure and disruption of the layered structure, the second 
by reestablishing continuity of the layers and by rapid reduction in edge slope and step 
height to a characteristic edge slope, and the third by continuing but much slower 
reduction in step height and edge slope with subsequently deposited layers. 

The characteristic edge slope for sputtered-deposited coatings studied here was - 100 to 
1.50. Assuming no step height reduction, lateral spreading of substrate defect can be 
estimated to be defect thickness divided by the tangent of the characteristic edge slope 
angle. Step height reduction reduces the lateral spreading of the defect while the 
presence of undercut at the defect’s edge increases it. 

The addition of a 200 nm Si buffer layer before depositing the multilayer coating further 
reduces edge slopes and rms roughness in the area over the rough features (30 nm rms 
roughness). However, the buffer layer also increases roughness for the smooth substrate 
(0.3 nm rms roughness), thus reducing the maximum reflectivity of multilayer reflective 
coating deposited above it. 
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ChaDter 6 
Imaging of Extreme Ultraviolet 

Lithographic Masks with Programmed 
Substrate Defects 

6.1. Introduction 

Electromagnetic simulations described in chapter 4 indicate that defects in the 
mask's multilayer reflective coating can severely degrade aerial images. These 

calculations show that the largest intensity reductions occur with substrate 
defects. In this chapter, results are reported from an imaging experiment conducted 
to verify the effect of substrate defects on the aerial images and to evaluate their 
printability. Printability studies provide an understanding of the magnitude of 
linewidth variations caused by the defects. Thus, they are useful for determining 
the requirements for defect inspection and repair. Many such studies have been 

conducted for optical lithography [ 1-1 71. 

In this study, masks with programmed defects of controlled dimensions were imaged 
with an extreme ultraviolet imaging system operating at 14 nm. The imaging 

system was a 2-mirror-aspheric system belonging to the Nippon Telephone and 
Telegraph Corporation (NTT), installed on a bending magnet beamline at the 
Photon Factory in Tsukuba, Japan [18-211. 

126 



6.2. Experimental Conditions 

6.2.1. Imaging Conditions 

Figure 6.1 is a schematic of the beamline and the optical system used in this 
experiment. The illumination system consisted of 2 cylindrical mirrors and 
produced a ring-shape illuminated stripe on the mask. One of the mirrors was 
movable so as to scan the illuminated ring over the mask. A carbon filter was used 
to filter out wavelengths over 40 nm. 

The reduction imaging system consisted of two aspherical mirrors, one concave and 
one convex, with matched radius of curvature of about 500 mm to provide a flat 
field. Mirror diameters were 150 mm for the concave mirror and 60 mm for the 
convex mirror. The distance between the two mirrors was - 400 mm. The distance 
between mask and wafer was - 700 mm. The numerical aperture of the system was 
- 0.1 and the reduction ratio was 5 1 .  The exposure area was - 2 mm by 0.6 mm on 
the wafer. 

The incident angles on both masks and optics were - 20 off-normal. The required 
multilayer periods on all optical components were within a range of 0.2 A. This 
makes it possible for all components to be coated in a single coating run, thus 
enabling precise matching of the reflection peaks [22]. The reflective coatings were 
30 bilayers of Mo/Si with of 7.25 nm-period and a Mo-to-Si thickness ratio of 2/3, 
yielding reflection peaks centered at 14 nm. 
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Figure 6.1. Schematic of the imaging system, showing the cylindrical condenser 
optics, reflective mask and aspherical imaging optics. 
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Imaging was performed under vacuum. The mask was manually placed in the 
illuminated area prior to pump-down. The shutter timer and the wafer stage were 
both computer-controlled so that a series of exposures with different exposure times 
and focusing conditions could be completely automated. The exposure samples were 
inserted into the exposure chamber via a load-lock, thus reducing pump-down time. 

The imaging system, designed for 0.1 pm resolution, has demonstrated 0.15 pm 

resolution for lines-and-spaces [21]. The achievable resolution was limited by the 
surface figure errors on the mirrors and potential assembly errors. Surface figure 
errors were 3.4 nm rms (29.7 nm peak-to-valley) for the larger concave mirror and 
1.8 nm rms (17 nm peak-to-valley) for the convex mirror. Unfortunately, the 
system was not working at its optimum capability during the period when this 
experiment was performed. The finest printed lines were 0.6 pm, much larger than 
had been previously demonstrated. The degraded performance was likely to be a 
result of misalignments of the mirrors that could have happened at some point 
during transport, mounting or operation. However, even with the degraded 
resolution, the effects of the substrate defects were observable. 

6*2,1. Mask Fabrication 

Figure 6.2 illustrates the fabrication process for masks with programmed substrate 
defects. The mask used in this experiment consisted of absorber line-and-spaces and 
contained programmed defects made up of 25 nm thick gold. The multilayer 
reflective coating was 30 bilayers of Mo/Si with of 7.25 nm-period and was deposited 
by planar magnetron sputtering at the Center for X-ray Optics at Lawrence 
Berkeley Laboratory. The deposition process was described in more detail in chapter 
1 and3. 
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1 1 
1. Electron beam patterning of 
substrate defect 

2. Deposition of substrate defect 
by evaporation 

3. Lift-off in acetone 

4. Deposition of 
multilayer coating 

photoresist L 

1 1 1  
5. Patterning of absorber layer 

(Optical lithography) 

200 nm gold 

6. Absorber deposition 
by evaporation 

7. Lift-off in acetone 

Figure 6.2. Fabrication process for mask with programmed defect. 
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Figure 6.3. Defect patterns after lift-off and before multilayer coating deposition, 
i.e. after step 3 in figure 6.2. 

Evaporation and lift-off were used to deposit the programmed defects. The defect 
pattern, shown in figure 6.3, consisted of lines, dots and large crosses for alignment. 
The pattern was written onto a 150 x 150 pm area on the mask using a converted 
JEOL SEM at the Center for X-ray Optics/LBL. Since the NTT imaging system 
has a 5:l reduction factor and had demonstrated 0.2 pm resolution, the smallest 
defects were 0.2 x 0.2 pm squares as measured on the mask, or 1/5 of the expected 
minimum resolvable feature size. Other defects included squares of 0.5 pm, 1 pm 
and 2 pm dimensions and horizontal and vertical line defects with widths of 0 . 2 ~  
pm, 0.5 pm, 1 pm and 2 pm. Two alignment crosses, one measured 30 x 30 pm and 
the other 15 x 15 pm, were also patterned and were used to help in locating the 
defect field after printing. 

The absorber pattern consisted of lines-and-spaces of 150 nm thick evaporated gold. 
Absorber thicknesses were measured with an atomic force microscope (AFM). Since 
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the available e-beam writer did not have an alignment capability, absorber 
patterning was done with g-Iine lithography and lift-off using the process described 
in chapter 2. Absorber patterns ranged from 10 pm wide lines-and-spaces to 1 pm 
wide lines-and-spaces that translated to 2 pm to 0.2 pm lines-and-spaces on the 

wafer when printed with the NTT 5:l imaging system. 

Figure 6.4(a) is an image of the mask with 25 nm thick defects, taken with an 
optical phase contrast microscope. The dimensions of the relevant absorber and 
defect features as measured on the mask are indicated. Some of the lines are 
numbered for easy reference to other figures. The absorber defect on the lower left 
comer and the 30 x 30 pm cross on the upper right comer are useful for orientation 
purposes. Figure 6.4(b) shows a SEM image of the same area. The substrate defects 
were difficult to observe under SEM since there is no contrast mechanism for 
secondary electron emission, thus pointing out a challenge for defect inspection. 
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6.3. Imaging Results 

The imaging experiment was performed over a period of two weeks in Tsukuba, 
Japan. Exposure doses were optimized for the printing of the smallest lines, 0.6 pm 

in this experiment. The photoresists were 80 nm thick PMMA and SAL 601. 
PMMA is a low contrast positive resist and SAL 601 is a high contrast chemically 
amplified negative resist. 

6.3.1. Measurements of Samples 

Initial observations of the optimized samples were performed with an SEM at the 
NTT facility in Atsugi, Japan. More detailed measurements of both masks and 
wafers were performed with an AFM at the Lawrence Berkeley Laboratory. 

Figure 6.5(a) shows an SEM observation of the resist image of the mask with 25 nm 
thick defects printed in PMMA. The arrows point to the distortions in the resist 
lines caused by the defects (quoted sizes are as measured on the musk). In the upper 
right-hand comer of figure 6.5(a), the boxed area shows the effects of the large cross 
(30 pm x 30 pm on the mask). The lower arrows point to the variations in the resist 
lines caused by 2 x 5 pm defects. The numbered lines are images of lines with the 

same number on the mask (figure 6.4(a), 6.4(b)). 

Figure 6.5(b) shows the resist image of the same mask printed in SAL 601, a 
negative high contrast chemically amplified resist [23, 241, taken with an atomic 
force microscope (AFM). The areas affected by 30 x 30 pm cross and the 2 x 5 pm 
defects are indicated. 

A more detailed observation of the effect of the 30 x 30 pm cross is shown in figure 
6.6. Figure 6.6(a) shows the cross and other defects in its vicinity, and figure 6.6(b) 
is an AFM image of the SAL 601 resist pattern in the area affected by the cross. 
Since SAL 601 is a negative resist, the clear regions are printed as resist lines. The 
effect of substrate defects can be seen on lines 1, 2, and 3. The defects reduced aerial 
image intensities, and thus reducing the resist linewidths in the affected areas. 
The linewidth of line 1, a 1.5 pm resist line, was reduced by - 20% by the 2 pm line 

134 



defect. The 2 pm square defects also caused observable linewidth variations in line 
3, a 1.25 pm wide resist line. However, the effect of the three square defects, spaced 
5 pm apart, cannot be resolved individually due to the reduced resolution of the 

imaging optics. As expected, the effect of the 30 x 30 pm cross can be easily 
observed. intensity reductions resulted in near breaks in the 
resist lines, as can be clearly seen in lines 1, 2, and 3. 

The-aerial image 

The effects of other defects can also be observed. Figure 6.7(a) is an optical 
microscope image of the 2 x 5 pm defects and their vicinity, and figure 6.7(b) is an 
AFM image of the SAL 601 resist pattern of the area. Lines 5 and 6 are 7.4 pm and 
6.6 pm clear lines on the mask, which translated to 1.5 pm and 1.3 pm resist lines 
on the wafer. The 2 x 5 pm defects resulted in 15% linewidth variations in line 6. 
Linewidth variations caused by 1 x 5 pm defects can also be observed, but the effect 
of the defects cannot be resolved individually. 

Nearby breaks in the absorber line provides an interesting comparison between 
substrate defects and absorber defects. Figure 6.8(a) is an SEM image of the region 
around the 30 x 30 pm cross, showing the nearby absorber defects. The absorber 
defects are between 2 pm and 5 pm in size and are 150 nm thick. The cross is 30 pm 
x 30 p m  in size and is 15 nm thick. Due the differences in size, thickness and 

placement, no quantitative comparison can be made from this image alone. 
However, i t  is worth noting that the large cross is nearly invisible under SEM 
inspection while the absorber defect can be clearly seen. Their effects on the image, 
however, are comparable. 



Figure. 6.5. SEM images of the entire programmed defect area for (a) PMMA 
resist and (b) SAL 601 resist. The areas affected by the substrate defects are 
indicated. Quoted defect sizes are as measured on the mask. The numbered lines 
correspond to the numbered lines in figure 6.4. These numbers will be used 
throughout this chapter. 
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Figure 6.6. The 30 x 30 pm cross (a) on the mask (optical microscope image) and 
(b) its effect SAL 601 resist image (AFM image). The effect of the substrate 
defects are indicated. Quoted sizes are as measured on the mask. The numbered 
lines correspond to the numbered lines in figure 6.4. Line defect of 2 pm width 
caused 20% linewidth variation on line 1, a 1.5 pm wide resist line. Effects of 2 pm 
square defects can also be observed. 
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Figure 6.7. The effect of 2 x 5 pm and 1 x 5 pm defects on resist image. (a) 
Optical microscope image of the mask of showing two 2 x 5 pm defects in line 6 
and two 1 x 5 pm defects in line 5. Defects are spaced 10 pm apart., (b) SAL 601 
resist image (AFM) showing linewidth variations caused by defects. Indicated 
defect sizes are as measured on the mask. The 2 x 5 pm defects caused 15% 
linewidth reduction in a 1.3 pm resist line. The effect of 1 x 5 pm defects was also 
observable but was not individually resolved. 
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Figure 6.8. An observation of absorber defects and substrate defect in a single 
exposure. (a) SEM image of an area showing absorber defects in the vicinity of 
the alignment cross. Note that the cross cannot be seen under SEM. (b) SAL 601 
resist image of the same area, showing the effect of the cross substrate defect and 
the absorber defects. 
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6.4. Conclusions 

Results from this experiment show that 25 nm thick substrate defects of half the 
size of the minimum resolvable feature resulted in 15% linewidth variations on the 
resist image. Although not directly comparable to TEMPEST results, the results 
reported here demonstrated the printability of sub-resolution substrate defects in 

EUVL masks. 

Current optical mask specifications require the elimination of all defects larger 
than 1/3 of the minimum feature size for conventional masks [16]. Printability 
studies for phase-shift masks indicate that phase defects of 117 of the minimum 
feature size may cause 10% linewidth variations [ l l ] .  The data from this study 
indicate that the printability of substrate defects in EUVL mask are comparable to 
defects on optical mask . However, the imaging system was operating at  a reduced 
resolution because of misalignments in the optics, and the resulting phase front 
distortions may have partially concealed the effects of substrate defects. As a 
result, further printability studies at 0.1 pm resolution need to be performed to 
quantify the magnitude of the effects of substrate defects. 

The inspection for substrate defects would require techniques sensitive to 
topographical features with heights of 100 A or less. Preliminary investigation 
showed that substrate defects were difficult to detect by SEM operating in secondary 
electron imaging mode (SEI) and were more easily seen with phase contrast white 
light microscopy. 
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Appendix A - Formulas for Bending Magnet Power 
output 

Power output from bending magnets in electron storage rings can be calculated 
using well-verified formulas [ 11, 

dF 16 AwI 
d e  2n w e 

2=-ay- -G1(y)  

where, 

Fg = photon flux (photonslsec) 
9 - - horizontal angle (rad.) 

et - 1 
fine structure constant = --- 

2&,hc -137 
- - a 

Y = electron energy/mec2 
0 = frequency of photon 

I = storage ring current (Ampere) 

Gl(y) is given in terms of modified Bessel function of the second kind K5/3, 
m 

Gl(Y) = rJK5,3(i)dr' 
Y 

where, 
o/o, 
critical frequency of the storage ring, the frequency that 

divides the emitted power into two equal halves 

- - Y 
0, = 

- 3 y3c - 
2P 

radius of curvature of the electron trajectory 

- - 3.3 E(GeV) B(T) 

- - P 

E = energy of the storage ring (eV) 
B = magnetic field of the bending magnet (Tesla) 



The flux per horizontal collection angle dFB/dO can be simplified to, 

dF, = 2.457~10'~ E(GeV)I(A)G, ( y), 
d e  

for units of photons/(sec-mad- 0.1% BW). 
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