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ABSTRACT
Static and scanned images of 100 nm dense features were successfully obtained with a developmental set of projection optics
(?c/14 projection optics box or POB 1) and a 500W drive laser laser-produced-plasma (LPP) source in the Engineering Test
Stand (ETS). The ETS, configured with POB 1 , has been used to understand system performance and acquire lithographic
learning which will be used in the development of EUV high volume manufacturing tools. The printed static images for
dense features below 100 nm with the improved LPP source (500W drive laser) are comparable to those obtained with the
low power LPP source (40W drive laser), while the exposure time was decreased by more than 30x. Image quality
comparisons between the static and scanned images with the improved LPP source are also presented. Lithographic
evaluation of the ETS includes flare and contrast measurements. By using a resist clearing method, the flare and aerial image
contrast of POB 1 have been measured, and the results have been compared to analytical calculations and computer
simulations.
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1. INTRODUCTION

Extreme Ultraviolet Lithography (EUVL) has been demonstrated for printing dense features below 70 nm without using
resolution enhancement techniques. Since EUVL has much in common with optical lithography, it is well accepted by
integrated circuit (IC) manufacturers as the leading candidate for the next generation lithography technology. Due to
relatively low numerical aperture at short operational wavelengths, high-resolution images with relatively large depth-of-
focus (DoF) can be obtained for EUVL.

In order to support the commercialization of EUVL, the EUV Engineering Test Stand (ETS)1 has been developed as an
alpha-class tool in the Virtual National Laboratory funded by the EUV Limited Liability Company (LLC). Full-field printing
of high resolution EUV images has been demonstrated in both static and step-and-scan mode using low (40W drive laser)2'3
and high (500W drive laser) power LPP sources. The demonstrated ETS field size of 24 mm by 32.5mm is the largest high-
resolution EUV field printed to date. Ongoing work with the ETS is providing the system learning required to develop
commercial EUVL tools. Currently, a developmental set of projection optics, called POB 1 , is installed in the ETS to
understand system performance and acquire lithographic learning which will be used in the development of EUV high
volume manufacturing tools. POB 1 , a 4x reduction projection system, contains 4 multilayer mirrors and has a numerical
aperture of 0. 1 at the wafer. The wavefront quality4 of the POB 1 is measured to be —?/14 rms, and the intrinsic flare23 is
—50%. An improved projection system of the same design, POB 2, has been fabricated with —?/2O rms wavefront error5 and
—20% intrinsic flare. Sub-field imaging experiments at the Advanced Light Source have demonstrated the printing of 70 nm
dense features and smaller6' 7•
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To meet the EUVL learning objective, the lithographic performance of the ETS was characterized in its initial configuration,
which utilized the low power (40W) drive laser for the laser-produced plasma source and POB 1 . Baseline results subject to
these limitations were acquired for comparison to the ETS performance as system improvements continue to be implemented.
A number of significant results have been acquired to date with the low power LPP source. The early learning which
includes in-situ astigmatism corrections, preliminary flare measurements, and ETS pupil fill effects, have been presented
previously'

Extensive ETS system upgrades have been completed since successful demonstration of the ETS last year. Lithographic
evaluation of the ETS continues as the system is upgraded to enhance performance. The main upgrades include wafer and
reticle stages improvement, increased EUV source power, and system control 8

The LPP source upgrade is being achieved in 3 stages using 500, 1000, and 1500 W of TRW laser power, respectively. (The
source power upgrade9 is obtained using a single chain of the 3-chain, 1500 watt, Nd:YAG laser developed by TRW.) The
LPP source with a single chain TRW laser is referred as a high power LPP source throughout the paper. Lithographic
evaluation with the high power source upgrade is discussed in detail here. The printed static images for dense features below
100 nm with the high power LPP source are comparable to those obtained with the low power LPP source (40W driver laser),
while the exposure time was decreased by more than 30x. Scanned images with the high power LPP source are also
obtained. The skew and magnification errors must be reduced to one part in 100,000 or less to print high quality scanned
images. Image quality comparison between the static and scanned images with the improved LPP source is presented.

More recently, characterization of BUY flare and aerial image contrast have been demonstrated in the ETS using POB 1 .EUV
flare over the entire field is expected to be constant unlike flare in DUV lithographic tools10. By using a resist clearing
method, a conventional lithographic method, the full-field flare of POB 1 has been measured. The lithographically measured
flare and calculated flare over the entire arc field have been compared, and good agreement has been achieved confirming
that the flare in EUVL is constant over the field. Also, aerial image contrast was characterized in the ETS using a resist
clearing method. The experimental results have been compared to computer simulations and analytical calculations, and the
aerial image contrast is found to be less than predicted for small feature sizes. The possible sources of discrepancies and the
impact of a finite resist resolution on aerial image contrast measurements are discussed.

Further future upgrades in the ETS will improve lithographic performance. Projection optics box #2 (POB 2) with X/20 rms
wavefront quality will be installed in the ETS as a future upgrade8. The full power LPP source9 will be also integrated in the
ETS.

2. ETS ILLUMINATION FIELD AND ETS MASK

24mm

24mm

1.5 mm

Fig. 1 : (a) ETS illuminator provides uniform illumination over a 28° arc shown above. (b) The ETS mask covers the full field in step-
and-scan mode. The full field is extended to 32.5 mm in the scanned dimension. The print field size is the largest high-resolution
EUV print field demonstrated to date.
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The pulsed Nd:YAG laser beam is incident on a liquid xenon-spray target to produce EUV radiation. The target system is a
xenon liquid spray jet with a demonstrated conversion efficiency from laser energy to in-band EUV radiation of 0.5%. A
six-channel condenser collects radiation from the source and directs it into the projection chamber, where a final condenser
element shapes the beam to illuminate the arc-shaped field of view of the projection system. The various condenser elements
consist of multilayer minors and grazing incidence mirrors which together with a spectral-purity filter (a Zr foil supported by
a Ni wire mesh) remove out-of-band radiation and define the bandwidth of the radiation illuminating the EUV mask. The
illuminated field of the ETS is described by a 28° arc, 24 mm in cord length and 1.5 mm wide as shown in Fig. 1(a).
Operating in step-and-scan mode, the print field of the ETS extends to 32.5 mm in the scan direction. The ETS field of view
is the largest high resolution EUV field of view demonstrated to date, and it is large enough for commercial IC manufacture.

A standard 6" square reflective mask is used in the system. The ETS mask printed on a 24 mm by 32.5 mm die site on the
wafer is shown in Fig. 1(b). The mask is made with 20 nm thick Si02 buffer layer and 70 nm thick Cr absorber layer on a
reflective mask blank, and the mask blank is coated with 40 bi-layers of Mo/Si on a ULE substrate. The average EUV
reflectivity after fabrication is —60%. The mask pattern contains a variety of bright field and dark field features designed to
characterize imaging performance at feature sizes as small as 50 nm. In current ETS configurations using a 500-watt drive
laser, the scan time for full field images is —4 minutes for 100 nm-thick Shipley EUV 2D baseline resist. The use of all three
chains of TRW lasers at the full 1500W will further improve the throughput of the system '

3. RECENT ETS LITHOGRAPHIC RESULTS

Characterization of the ETS using P0 Box 1 and a low power drive laser (40W) was intended to provide a baseline
performance metric to which future results can be compared as major system upgrades are implemented. More recently,
static and scanned images with the high power LPP source were obtained, and the results have been compared to the baseline
performance. Flare and aerial image contrast have been measured to characterize lithographic performance of the projection
optics and resist.

3.1 High power image in the ETS
3.1.1 Static image with a 500W drive laser
Static exposures of 100 nm features using a single 500W chain of the TRW laser have been demonstrated. The static printing
has been valuable in characterizing system performance and for in-situ alignment of projection optics 1-3 By improving the
drive laser power from 40W to 500W and the laser plasma target from the Xe cluster jet to the liquid Xe spray jet target, lSx
to 30x improvement in exposure time has been achieved . The decrease in exposure time eliminates possible system
vibration or drift during the long exposure times required for the low power LPP source . A static image of a 100 nm dense
elbow pattern exposed with the high power LPP source is shown in Fig. 2(a). For comparison, a 100 nm elbow pattern using
the low power LPP source is shown in Fig. 2(b). No siginificant difference between two images is discernible. The H-V
bias, iso-dense bias, and LER values extracted from images such as the one shown in Fig. 2 are due to the quality of the
POB 1 and mask illumination, and they have been predicted and studied in reference 2 and 3 with aerial image simulation
tools.

Fig. 2: (a) Static 100 nm image with the 500W drive laser. (b) Static 100 nm image with a 40W drive laser. Exposure time has
improved by up to 30x from the low power LPP source to the high power LPP source while maintaining similar printing quality.
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3.1.2 Skew and scan magnification
The first scanned images with the ETS were demonstrated last year with the low power LPP source 2. 3 Lithographic
experiments were performed to demonstrate scanned images using the improved LPP source and to validate system changes
including the wafer stage and sensor electronics upgrades for high repetition rate. To operate in step and scan mode it is
necessary to match scan speed of the wafer stage to that of the reticle stage. Equivalently, the scan magnification, or ratio of
wafer-stage to reticle-stage speeds, must match the optical magnification of the projection system. If these parameters are not
matched, the horizontal features, which have structure in the scan direction, will be degraded by motion blur (See Fig. 3(a)).

A similar degradation occurs, if the scan direction of the wafer stage is not matched to that of the scanning aerial image. This
affect can be stated in terms of stage skew, which is the angle between the scanning axes of the wafer stage and the reticle
stage. The stage skew must match the skew between the scan direction of the aerial image and that of the wafer. Skew can
be introduced by the projection system or by misalignment between the wafer metrology system and the reticle metrology
system. If this parameter is not matched, vertical features, which have structure in the cross-scan direction, will be degraded
by motion blur (See Fig. 3(b)).

(a) (b)

FiAeriaI Aerialt Image4EIklmageUII1i

Fig. 3: (a) Scanned image degraded by magnification error, where the reticle and the wafer move at different speeds. (b) Scanned
image degraded by skew error, where the reticle and the wafer move in different directions.

To determine the optical magnification, cross-hair marks were printed in resist throughout the ring field. A Leika IPRO tool
was used to measure the separation between the marks. These measurements were compared to the known separation of the
marks on the reticle. To achieve agreement in the central field region, the optical magnification was 82 ppm greater than the
nominal '/4 magnification. This error is within the expected range and easily corrected by adjusting the scan speed ratio. The
magnification correction was confirmed by recording images at various scan speed ratios and observing the best result for
horizontal features to be at a magnification adjustment of +90 ppm, which is in good agreement with the IPRO
measurements.

The determination of skew from printed images of IPRO marks is also possible. This process is complicated by the non-
telecentric reticle illumination, which couples reticle roll into the printed location of the IPRO marks. A procedure for
extracting skew from a sequence of printed images was developed to support scanned imaging experiments. For these
experiments, skew was found by printing images at various skew angles and maximizing the contrast of the dense vertical
lines. In a few iterations, the skew was determined to be —21 0 microradians, which was easily accommodated by the stage
range of motion. Using these magnification and skew corrections, the scanned images of 90 nm, 100, and 130 nm dense lines
and spaces in two different orientations were printed as shown in Fig. 4. The quality of the 100 nm scanned image (shown in
Fig. 4(b)) is indistinguishable from that of the static image (shown in Fig. 2(a)) indicating that the magnification and skew
corrections for the scanned images were well established. The wafer stage was operated at the speed of 0. 14 mm/sec (reticle
stage speed of 0.56 mm/sec).
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(a) (b) (c)

Fig. 4: (a) and (d) Scanned image for 90 nm iso/dense elbows. (b) and (e) Scanned image for 100 nm iso/dense elbows. (c) and (U
Scanned image for 1 30 nm iso/dense elbows. A magnification correction of +90 ppm and a skew correction of — 21 0 micro radians
were used.

Through-dose and through-focus images of 90 nm dense elbow pattern in scan mode were also obtained. Through-dose
images are shown in Fig. 5(a), and through-focus images are shown in Fig. 5(b). The focus was varied by 0.5 m, and dose
was varied by 10%. Approximately 10% exposure latitude with —1 m depth of focus (D0F) for CD change have
been observed for 90 nm dense features in the scanning operation mode.

(a)

I,

Fig. 5: (a Through-dose scanned images of 90 nm iso/dense elbows with I 0% dose increment are shown. b) Through-focus scanned
images for 90 nm iso/dense elbows with 0.5 m focus increment are shown.
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3.2 Lithographic flare measurements of the P0 Box 1
Flare is caused by light scattering from the optical components of a lithography tool system '°'

' ' . As the feature size of the
printed circuit gets smaller, the importance of flare is also enhanced. Scattering redirects the light from an area of an image
intended to be bright into all areas of the image, including those regions intended to be dark. The resulting background
illumination within the image field is called flare, and it can reduce image contrast, lead to CD variations, and shrink the
process window. Mid-spatial frequency roughness of the imaging mirror surfaces creates the flare.

The magnitude of the flare is proportional to i/A7. Thus, as the wavelength for the lithographic system gets smaller, the
effects of flare increases. Since EUV wavelengths are shorter than the conventional DUV wavelengths by an order of
magnitude, the amount of flare can be significant Thus, understanding of the flare contribution to the printed features in
EUVL is critical. The EUV flare is simpler than DUV flare because the flare for EUVL is only generated by the rough
surfaces of projection optics, while DUV flare can be generated by many components in the lithography tool The EUV
flare on the wafer plane can be calculated if mirror roughness is known. Also, DUV flare has a significant variation over the
field, while EUV flare is almost constant over the field, except for the very edges of the field due to short range scattering in
EUV '°.

EUV flare can be directly identified by measuring the extended point spread function of the projection system, but it requires
a coherent EUV source like a synchrotron . As an alternate method, flare can be lithographically measured by printing dark
features in the bright field region. This is also known as the resist clearing method. Lithographic measurement of flare has
been performed in the ETS using the improved LPP source. Flare for a given feature size is determined by dividing the dose
to clear the bright region, E0, by the dose to clear the dark feature, E.

Seven sets of dark line features, ranging from 1 im to 8 rim, are located in the bright field region of the mask to measure
flare over the entire arc field as shown in Fig. 6. The seven sets of the flare features are evenly spaced out in the arcto cover
the entire field. This bright field was exposed onto a wafer with various dose levels at an increment of 10%, until the given
dark features disappear completely. The 2 im line with 1 :5 aspect ratio is shown in Fig. 7(a). As the dose approaches ED,
the feature washes out. The flare at the center of the smile field is determined to be —40% based on the 2 im line feature.
The calculated flare values using the actual power spectral density of the imaging mirror surfaces and the lithographically
measured flare values of the P0 Box 1 for the 2 im line feature with 1 :5 aspect ratio at seven field points are plotted in Fig.
7(b). The predicted and measured values agree to within the error bar, associated with the coarse dose increments. This error
can be reduced by taking finer dose steps. Also, measured flare is constant over the field as expected. Since flare is constant
over the field, compensation is possible if needed The flare is expected to be far less for POB2, an improved set of
projection optics, as shown by the calculated flare for POB2 as plotted in Fig. 7(b). The required range of flare for
commercial EUV optics is less than 10% 10

Fig. 6: Seven sets of dark line features, in the size ranging from 1 im to 8 xm, are located in the bright field region ofthe mask to
measure flare over the entire arc field.

increasing dose (increment 10%)

2jtm—

(a)
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Fig. 7: (a) Flare features (2um) printed with a 10% dose increment per image from left to right. (b) Flare measured
lithographically compared to theory based on mirror roughness.

3.3 Measurement of aerial image contrast in the ETS
POB I has been valuable in integrating the ETS and understanding system performance. One issue with POB 1 is the
apparent diminished contrast of aerial images as compared with modeling results for small feature sizes. It is widely
understood that the aerial image contrast needs to be at least 50 % or higher for reliable print quality. Aerial image contrast
can be used to identify possible system drift and test resist resolution, which affects the printing of high-resolution patterns.
The minimum aerial image contrast for vertical and horizontal features printed with POB 1 has been experimentally
determined by using a resist-clearing method, which is very similar to the one used for the flare measurements in the ETS.
This experiment was performed using Shipley's EUV 2D baseline resist process.

The relationship between 'm ( or I,) and Dosemin ( or Dosem) 5 described in Fig. 8, and using the resist threshold
approximation, the contrast of the printed dense lines is described by the following equation,

Dose — Dose
Contrast = max mm (1)

Dosemax + Dose

Dosemax and Dosemin for a given feature size can be obtained by analyzing SEM images as shown in Fig. 9. The aerial
image contrast can be calculated from Eq. (1).

(a) (k)
Dose Dose

Dosethreshold Dosen-Imax

0

Fig. 8: Resist threshold approximation to obtain the Dosemax and Dosemin. (a) Dosemjn is a dose level to clear the spaces. (b)
Similarly, Dosemax is a does level to clear the lines.
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(a) (b)

Fig. 9: SEM image analysis to obtain Dosemin and Dosemax. (a) Dosemin can be obtained from this lightly dosed image. Dosemth
is a dose level which just starts to clear the spaces. (b) Dosemax is a dose level to clear the lines completely. Using the heavily
dosed images, Dosemax can be measured.

Intel's I-Photo aerial image simulation tool was used to calculate the theoretical contrast values. The simulation
parameters include the 6-channel illumination and the measured raw wavefront data at the central field point. The raw
wavefront data accounts for flare covering up to a 14 jim-diameter region around a given field point at the wafer plane.
Since the simulated image area is less than 8 m in diameter, most of the flare is included in the image model.

The measured aerial image contrast was compared with the predicted values from the simulations. The measured aerial
image contrast for small dense features is less than the theoretical values as shown in Fig 10. Various potential sources
have been identified as the cause for these discrepancies. For example, a better-than-expected wavefront used in the model
can overestimate the aerial image contrast; drift or vibration of the wafer and reticle stages can degrade aerial image
contrast for long exposed images; and image contrast degradation due to the stage drift would be severe for the smaller
features.

70% =' .. —"—-
65%

I

60%

f30% .-e---Simulated contrast

25% " TT1 , I

50 100 150 200 250 300 350

feature size (nm)

Fig. 10: The plot of theoretical contrast values and measured values. Simulations and experiments are in good agreement for larger
features, but discrepancies are observed for small features.

A major source of the discrepancies could be a finite resist resolution. The resist resolution is one of the fundamental
limitations to small-feature printing in EUV lithography for a given resist thickness. If the resist resolution is not fine
enough to print the desired feature sizes, the contrast of printed images can be lower than the actual aerial image formed by
lithographic projection optics. Exposure of a single point on the resist would produce a spot of finite diameter. This spot
represents the point-spread function (PSF) of the resist. The resist behavior is described by an empirical model in which
the aerial image is convolved with the resist PSF, and the resist contrast curve is applied to the result. If the PSF of EUV
2D were 50 nm in diameter, it would have a similar effect on the resulting image as the stage drift. The major difference is
that the resist PSF would cause an isotropic degradation, while unidirectional drift should degrade lines in one orientation
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only and not degrade those perpendicular to that direction. A non-degraded direction in the contrast-wafer images could
not be identified.

Iflhl)tIlse response
of EUV 2D

-\eria1 image oflOO urn dense features

O13bUu4u4iOOO
a -iì in

3() nm FWTETi1

Fig. 1 1: An example of calculating printed images with the resist behavior. A simulated aerial image is convolved with the impulse
response of the resist. The resulting image represents the final image printed on resist. This is a simple model to account for the
finite resist resolution.

Simulated aerial images of 100 nm dense features have been convolved with the PSF using MATLAB as illustrated in Fig.
1 1 to simulate the effect of the finite resist resolution. The resist contrast has been assumed to be a step function. With a
few iterations, a 50 nm FWHM PSF has been found to be reasonable and fit well to the experimental results. Using the
same method, image contrast has been recalculated for various feature sizes, and the experimental values are plotted with
the newly calculated values in Fig. 12. Good agreement is observed between simulations and calculations, especially for 80
nm features. A similar result has also been observed for POB 2 currently operating in the Static Exposure Station (SES) at
the ALS. Evidence points strongly to the finite resolution of the resist as being the primary cause of the discrepancy shown
in Fig. 10.

70% • .

65% ' -U'" . . . "fl"" (: .:

i :::
"' : "U""

g 1r' :s with
35% "",.-"," FWHM PSF of the rest

0 . . —.—-Measured contrast30/s
25%

50 100 150 200 250 300 350

feature sizes (nm)

Fig. 12: Using the method described in Fig. 1 1, aerial image contrast has been recalculated for various feature sizes, and the
experimental values are plotted with the calculated value. As shown here, good agreement is observed between simulations and
calculations, especially for 80 nm features.

Other sources of discrepancy include the 5 % dose steps, out-of-band radiation, a non-linear resist contrast for small
features, and illuminator degradation. As shown in Fig 9, the Dosemax and Dosemin were measured based on the SEM
images. A maximum error from evaluating the SEM images of about is assumed due to the subjective factors
involved. The EUV 2D resist is based on the DUV resist, and it is sensitive to the DUV wavelengths. Therefore, out-of-
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band radiation could have a significant impact on the observed contrast. Currently out of-band radiation is being quantified
and the first results indicate that it is not a major factor in the experiments reported here. Resist contrast was assumed to be
a step function in the resist resolution analysis described above. The contrast of the resist may not be a perfect step
function, so the resist threshold approximation may fail for the small features. The ETS illuminator consists of 6
overlapping channels at the mask plane. If any of the channels are partially blocked in the beam path, the image can be
degraded. Further simulations are required to understand those issues.

4. SUMMARY

The ETS has demonstrated the capability to print 100 nm features in both static mode and step-and-scan mode. This result
was achieved using a developmental projection system, POB 1 , and a 500W drive laser for the plasma source.
Lithographically measured flare in POB 1 is constant across the full arc field and in good agreement with the predicted
values. Aerial image contrast of POB 1 has been lithographically measured using a resist clearing method. Finite resist
resolution can account for the discrepancies between the experiments and simulations. Aerial image contrast
measurements indicate the possible limitation of the current baseline resist and suggest that higher resolution resist will be
required to reliably print features smaller than 50 nm. Substantial performance improvements in the ETS are expected,
when the full power 1500W LPP source and POB2 are integrated into the ETS for application in the EUVL user facility.
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