
Sub-1OOnm Lithographic Imaging with an EUV lOx Microstepper

John E. M. Goldsmith*a, Kurt W. Berger', Danny R. Bozmana, Gregory F. Cardinalea, Daniel R. Folka,
Craig C. Hendersona, Donna J. OConnella, Avijit K. RayChaudhuria, Kenneth D. Stewarta,

Daniel A. Tichenora, Henry N. Chapman", Richard Gaughan", Russell M. Hudymab, Claude Montcalmb,
Eberhard A. Spiller', S. Taylor", Jeffrey D. Williams", Kenneth. A. Goldberg', Eric M. Gu1likson',

Patrick Naulleauc, and Jonathan L. Cobbd

aSandia National Laboratories, MS 9409, P0 Box 969, Livermore, CA 94550

Livermore National Laboratory, P0 Box 808, Livermore, CA 94550

CLaenc Berkeley National Laboratory, Berkeley, CA 94720

dMotorola do EUV,LLC, Sandia National Laboratories, P0 Box 969, Livermore, CA 94550

ABSTRACT

The capabilities ofthe EUV lOx microstepper have been substantially improved over the past year. The key enhancement
was the development ofa new projection optics system with reduced wavefront error (?Euv/2O) reduced flare (<5%),and

increased numerical aperture (0.088 round or O.lxO.088 rectangular, interchangeable). These optics and concomitant
developments in EUV reticles and photoresists have enabled dramatic improvements in EUV imaging, illustrated by
resolution of 70 nm dense (1 : 1) lines and spaces (L/S). CD linearity has been demonstrated for dense LIS over the range
200 nm to 80 nm, both for the imaging layer and for subsequent pattern transfer. For a CD specification, we have
demonstrated a process latitude of±O.8 .tm depth offocus and 10% dose range for dense 90 nm L/S, and im depth of
focus and 10% dose range for dense 100 nm L/S.
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1. INTRODUCTION

The EUV 1 Ox microstepper was described in detail in a previous paper in this conference series.' Since that time, the cluster
jet laser-produced plasma source (LPS)2'3 has replaced the copper-wire-based LPS, and it has produced excellent results in
the integrated imaging system (Fig. 1). The microstepper has also been used for further sensor development, including a
wafer-stage dose sensor and an aerial image monitor. This paper, however, focuses on sub-100-nm imaging studies that have

been made possible by new lOx projection optics systems that have been developed during the past year. Two nearly
identical projection systems were assembled, one for use in the microstepper, and the second for use in the "lOxI" imaging
system.4 During the period that the microstepper was used primarily for jet-source and sensor studies, the majority of the
imaging studies (including those described in this paper) were carried out using the lOxI imaging system. In addition to
leading to the development of improved EUV photoresists (obtained from commercial suppliers) and refined reticle
fabrication techniques, these studies have also led to an improved understanding ofthe detailed lithographic characteristics of

the lOx imaging systems.
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2. PROJECTION OPTICS

The development of improved projection optics systems (or "cameras") has provided the most significant enhancement in the
capabilities of the lOx systems. The key advances that led to the improvements were in the areas of substrate manufacture,
multilayer coatings, at-wavelength characterization of coated elements and assembled cameras, and alignment techniques that
take advantage of advanced visible-wavelength interferometry. During the past year, we have assembled and produced
images using two nearly identical lOx cameras that exploit these advances. The cameras are mechanically and optically
compatible with both lOx imaging systems, and also with the EUV phase-shifting point diffraction interferometer.5

The Schwarzschild camera has spherical surfaces that are 16 mm (convex primary) and 90 mm (concave secondary) in
diameter, but only small off-axis subapertures are used for EUV imaging (5 mm and 25 mm, respectively). We take
advantage of this characteristic by recording visible-wavelength interferograms of the individual substrates, and then
performing computer "clocking" of the simulated camera to select subapertures that provide optimum performance. The
substrates were fabricated to specifications6 very similar to those for the Engineering Test Stand (ETS),7 an "alpha-class"
EUVL imaging tool currently being developed. In addition to the requirement for sub-nm rms figure error needed for
diffraction-limited imaging performance, low values of high- and mid-spatial-frequency roughness are crucial for obtaining
high reflectivity and low flare (scattered light), respectively.

The relatively large variation of angle of incidence across the camera subaperture requires that the thickness of the Mo/Si
multilayer reflective coatings8 be graded in order to optimally reflect the same wavelength across the subaperture (the
multi layer period must increase as a function of distance from the center of the mirror). In order to assure that the coatings
will produce no degradation of the imaging performance of the camera, we chose A.X<0.05 nm as the goal for matching the
coatings, corresponding to a maximum fractional variation in multilayer period of 0.4%. In addition to requiring high peak
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Fig. 1. EUV lOx microstepper with xenon jet laser-produced plasma source
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reflectivit. high net throughput also requires careful matching of the center wavelength of the two optical elements (<0.1 nm
at the 13.4 nm center wavelength). The coatings applied to these substrates are nearly perfect in all respects.9

The alignment of the cameras was performed using a visible-wavelength (532nm) optical-fiber-based phase-shift diffraction
interferometer (PSDI).'° Figure 2 shows a camera in the interferometer teststand. The alignment procedure was based on
measurements of the EUV subaperture using a routine similar to the (much more complex) one developed for the ETS.'1 To
verify the methodology of visible-wavelength alignment of EUV cameras, we have compared visible- and EU V-wavelength
interferograms of several lOx cameras.' The result of these comparisons is confidence that the rms wavefront errors of the
two cameras are u/2O.

The characteristics of the substrates and assembled cameras are summarized in Table I. Characterization of the flare of the
cameras is treated in detail in an accompanying paper.1

Table 1. Characteristics of new lOx projection optics systems (NA: numerical aperture; WFE.
wavefront error). The primary is the smaller, convex mirror, the secondary the larger, concave
mirror. Mid-spatial frequency-roughness (MSFR) and high-spatial-frequency roughness (HSFR)
correspond to integration of the surface power spectral density over the frequency bands I mm' to
I jm (MSFR) and I to 50 Jzm1 (HSFR) measured on the uncoated substrates.
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Camera NA WFE

(rms EUV
waves)

Primary
MSFR HSFR
(nm) (nm)

Secondary
MSFR HSFR Reflec-
(nm) (nm) tivity

Flare
CaIc. Meas.

1 0.088 0.05 0.17 0.09 0.22 0.16 65.4% 4% 4.5%

2 0.088 0.05 0.13 0.10 0.20 0.19 63.1% 3%

Fig. 2. lOx camera in visible-wavelength interferometer teststand
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3. LITHOGRAPHIC RESULTS

The resist images shown in this section illustrate the capabilities of the new lOx cameras. All images shown were recorded in

a customized DUV resist exposed in a thin layer (typically 80-100 nm). The characteristics of ultrathin resists for EUV

lithography ai-e discussed in an accompanying paper.'4 As illustrated below, we have demonstrated a resolution for 1:1 L/S
of 80 nm at NA 0.088 and 70 nm at NA 0.10; with the process "k," factor defined by the standard lithographic expression

resolution R = k,xAfNA, both results yield k1=0.52. It is worth pointing out that maintaining this process factor with a
system designed'5 to support an NA of 0.25 would potentially provide 28-nm resolution.
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70 nm 1:1V —
Fig. 3. 70 nm L'S at 1:2 pitch and 1:1 pitch (Camera 1 at NA 0.10).

Measured LER values (3 one side) are 6.9 nm for the 1:2 L/S and 6.7 tim for the 1:1 L/S.

Fig. 4. Iso-dense elbow patterns (Camera 2 at NA 0.088).

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/27/2015 Terms of Use: http://spiedl.org/terms



C
-c

a)
C
-J
a)

Cl)

a)

60
60 80 100 120 140 160 180 200

Mask Linewidth 10 (nm)
Fig. 6. Linearity characterization for dense LIS with pattern transfer

(after etch through 350 nm polvSi. Camera I at NA 0.088).

We have also begun investigating the effectiveness of a thin layer of DUV resist as an etch stop for pattern transfer into an
underlying hard mask. Figure 5 illustrates pattern transfer into a 350-nm thick layer of polySi using an 80-nm thick layer of
DUV photoresist with an intermediate 50-60 nm low-temperature oxide (LTO) layer as a hard mask.

Fig. 5. Sub-100-nm features etched through 350 nm polvSi (Camera I at NA 0.088).

Figures 6-8 demonstrate linearity and depth-of-focus characterization measurements for the new cameras. Linearity is
observed down to approximately 80 nm for dense L/S (Fig. 9). For a 10 a
process latitude of l.tm depth of focus and 10% dose range for dense 90 nm L/S, and jim depth of focus and 10% dose
range for dense 100 nm LIS.
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Fig. 7. Process latitude ofcamera 2 at NA 0.088 for 100 nm dense L/S with a CD specification.
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4. CONCLUSION

Several important research areas that depend on the capabilities ofthe lOx imaging systems have not been described here,

including sensor development, and imaging studies ofprogrammed phase and amplitude defects. Nonetheless, the
lithographic results that are presented in this paper demonstrate the advances in EUV imaging made possible by the

development of improved projection optics systems (wavefront error -XEuv/2O, flare <5%), photoresists, and reticles. In
particular, we have demonstrated CD linearity for dense L/S features as small as 80 nm, and a depth of focus of nearly im
for 90 nm dense L/S. Finally, imaging of8O nm iso-dense elbow patterns with an NA ofO.088, and 70 nm dense L/S with an
NA ofO.1O, both support extendibility ofEUV to the 30 nm node through a reasonable increase in numerical aperture.
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