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ABSTRACT

A method for actinic inspection of EUV mask blanks is described, in which EUV photoresist is applied to the blank,
flood exposed with EUV, and developed. The effect of both phase and reflectivity defects on the reticle is described in
terms of a variation in intensity and phase of the standing wave in the resist. Thin film simulations are performed to
evaluate the contrast generating mechanism for various blank defects. The method was introduced earlier by others* and
was shown in experiments to transfer reflectivity defects on the reticle to the developed resist. We propose to reevaluate
the technique with current state-of-the-industry capabilities of resist processing, contamination control and inspection.
Various possible development directions are described.
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1. INTRODUCTION

Extreme ultraviolet lithography (EUVL) relies on the use of almost defect free blanks consisting of multi-layers (ML) on
a thick mirror substrate. The defect density must be below 0.003 defects/cm?. Typical defects could be a local phase shift
defect resulting from a bilayer thickness mismatch or a buried particle, both occurring at an arbitrary depth of the ML
stack. Not only the fabrication of these reticle blanks, but also qualification of the blanks with regards to absorbing
and/or phase shift defects and/or features in the Multi-Layer (ML) on the thick mirror substrate remains a key challenge
for the implementation of EUVL . In this paper we propose an alternate method of detecting phase and amplitude
variations resulting from errors and features in and on the ML stack.

During wafer exposure, the electric field emanating from the reticle is projected onto the wafer. Any features that are
printed in the resist on the wafer must originate from contrast features in this projected electric field. The basis of the
current method is that the contrast in the electric field at the wafer, in as far as they originate from errors and features on
the mask rather than from imperfections in the projection optics, must be present in the electric field at the mask as well.
A reticle inspection technique like AIMS * makes use of this fact by projecting the field at the reticle with a large
magnification onto a EUV sensitive spatially resolved detector.

The idea of the current method is to record the electric field at the mask directly and consequently capture precisely those
features and errors that will ultimately print on the wafer. The electric field at the faulty reticle or blank is captured by
printing its image in photoresist by means of a holographic method making use of interference of incident and reflected
beam. This method was described some years ago by other authors >** yet we feel it is worth bringing it to the attention
of the industry again, as no cost-effective mask blank inspection solution in the mask infrastructure is yet developed °.

In Section 2, the present method will be explained in more detail. In Section 3 we will present the results from
simulations of the method. Section 4 will dwell upon the next steps to be taken towards validating the technique and
assessing its feasibility for industrial application. Lastly, conclusions will be drawn in Section 5.
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2. OUTLINE OF THE TECHNIQUE

First, consider the life of the electric field as it propagates through the optical system in a wafer stepper. A homogeneous
field is directed from an illuminator system towards the reticle. On the way to the wafer, variations in phase and
amplitude are introduced. Under the assumption of error free imaging, these variations result from features at the reticle.
These features may be intentional, e.g. caused by absorber or phase shifting structures, or unintentional, caused by local
attenuation or phase defects in the reticle. Regardless of the cause, these features are present in the field that propagates
from reticle level to wafer level.

In a wafer stepper the features in the electric field result in inhomogeneities in the intensity profile at wafer level through
constructive and destructive interference of the diffraction orders that pass through the optical system. Via the same
mechanism of interference, these features result in inhomogeneities at reticle level through combination of the
homogeneous incident beam that originates from the illuminator and the beam that is reflected from the reticle.
Capturing this interference pattern at the reticle, we effectively use the illuminator beam as a reference beam in a
holographic recording of the electric field emanating from the reticle. In the present defect detection method, it is this
interference pattern that is utilized to flag defects that would ultimately print on the wafer, if the reticle were used in a
wafer stepper.

The interference pattern is captured in a standing wave in a EUV sensitive photoresist layer on the reticle. This is akin to
the standing wave effect that occurs in the resist layer on a wafer. The standing wave causes a variation in dissolution
rate over the depth of the resist layer. In DUV photolithography on the wafer, the standing wave effect is an undesired
side effect that brings about swing curve and side wall ridges and must be reduced carefully by using index matching
antireflective coatings and post exposure bakes and so on. In contrast, in the present defect detection method, the trick is
to play around with clearing dose, thickness, sensitivity and processing parameters of the photoresist to make defects
rather show up in the developed resist. The standing wave in the resist varies in phase with varying reticle blank features.
This phase difference of the standing wave must be detected as contrast in the developed resist layer.

In Figure 1, the method is sketched qualitatively. On the left, the incoming and reflected radiation are represented with
solid arrows and dashed arrows, respectively. In the figure, the amplitudes of the electric field near the surface of the
EUV reflector are indicated with the solid and dashed waves. The intensity of the combined wave is represented with the
dotted line. On the right the reflected wave has experienced a phase shift with respect to the situation on the left, with a
resulting phase change of the combined intensity.
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Figure 1. Pictorial example of interference pattern for defect free reticle (left) and reticle with phase shift defect (right).

The intensity profile over the depth of the resist is given by the common expression of the superposition of two
interfering waves E;; and E.q for the illuminating and reflected wave respectively, which, when rewritten in terms of the
intensities of the waves, yields’
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The phase constant & depends on both the depth in the resist and the angle between Ey; and E.; and is approximately
4mz/A, and € is an unknown phase offset that depends on the state of the inspected multi-layer and resist stack. Thus the
information to be retrieved is contained in the intensity of the reflected wave /.5 and on the phase constant €. Both /g
and ¢ are functions of x and y, the positions on the reticle. Thus, the resist layer is considered as an array of little resist
“pillars’, each pillar containing the information of its particular location on the reticle. This is a rather simplified view as
in practice pillar-to-pillar cross-over of the intensities will take place, but it helps in describing the technique.

The explicit mathematical description of the contrast mechanism tentatively provokes the consideration of two modes of
operation. When probing the resist over a depth Az=A/2, the influence of the oscillatory cosine term will vanish
(assuming that the intensity can be averaged over depth) so that the contrast is given by the second term, /.. and the
influence of the phase offset € drops out of the equation for all resist pillars. Alternatively, when probing the resist at the
top, the contrast is also given by the third term, \/21i1|-1reﬂ-cos(8+a). The third term provides contrast even when /,.q
maintains a constant value over the reticle. Thus, the former mode (which we will call ‘amplitude mode’) is more
susceptible to reflection errors in the reticle, whereas the latter mode (‘phase mode”) is more susceptible to phase errors.

Since the period of the standing wave is on the order of half the illuminating wavelength in the resist, the resolving
capabilities of the resist must be very high. The method then could benefit from the capability to resolve topographic
differences of only a few nm, notably in phase mode. This is not trivial with standard optical techniques especially at
sufficiently high lateral resolution but it can be done, e.g. using ellipsometry, interferometry, confocal microscopy, et
cetera. In any case it is not essential to the technique. Another mechanism that could be used to distinguish among defect
types is the variation in slope of the resist image, especially when the standing wave can be resolved.

The contrast is increased considerably when the entire resist pillar remains standing or is removed during development,
depending on . and €. This could be achieved when the intensity in the resist is averaged, and when using thin resist
layers, e.g. on the order of the period of the standing wave.
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Figure 2. Two modes of operation: contrast based on averaged intensity in the full resist layer or at top of the resist layer.
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The locations of the features in the developed resist thus detected with existing infrastructure are stored in a data base.
After clearing the blank of remaining developed resist, the next step could be to repair the defect, followed by a check
whether the repairing and/or cleaning step was successful.

For the technique, we coin the acronym EDICT, for

E Exposure of the resist on the multilayer on the reticle blank
D Development of the exposed resist

I Inspection of the developed pattern

C Cleaning of the reticle to remove all traces of the resist

T Test whether the reticle is sufficiently cleaned

The ‘reticle blank’ mentioned in the Exposure step may be read as generic optical element with multilayer designed for
the actinic light. It should be realized that the technique is applicable to multilayer mirror inspection as well. Inspection
of the developed pattern could ideally be performed with existing (DUV and/or EUV) reticle inspection or wafer
inspection infrastructure, but a dedicated inspection tool may also be envisaged. Implementation of the Cleaning step
will be addressed below. It is worth noting that the cleaning step may be accompanied by a Curing step, in which phase
errors are repaired with local modification methods such as e.g. charged particle beam exposure.

We want to stress that more than a fundamental difference in operation, the distinction between ‘phase mode’ and
‘amplitude mode’ is a theoretical tool to provide insight in the contrast generating mechanisms, both optically and
lithographically. The true contrast in practice will be the result of a balance between amplitude errors, phase errors and
resist processing and illumination parameters.

3. SIMULATION OF BLANK ERRORS

The feasibility of the method can be assessed initially using computer simulations of the underlying illumination process.
A thin film simulation software tool (MacLeod by Thin Film Center) has been used to determine the phase and
reflectivity changes when an anomaly is present in a multilayer stack.

A multilayer stack consisting of 60 Molybdenum Silicon bilayers was defined, having a peak reflectivity of 75%
(theoretical value) at 13.5 nm radiation and 6° angle of incidence. When coating the stack with a layer of resist, the
reflectivity drops due to absorption in the resist. The complex refractive index of resist used as input in the thin film
model is 7 =1 —0.0242 + 0.0054-i. This is the measured value for PMMA %, which is considered here to be
representative for any typical organic photoresist. The reflectivity spectrum is show in Figure 3.
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Figure 3. Reflectivity of multilayer stack with and without 40 nm PMMA
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An interesting quantity to monitor is the electric field inside the multilayer stack. Figure 4 shows the electric field in V/m
as a function of depth in the layer stack with 40 nm PMMA. The units on the x-axis are full wave optical thickness
(FWOT), i.e. a physical thickness corresponding to the vacuum wavelength (13.5 nm) divided by the real part of the
refractive index. The graph shows the oscillatory behaviour typical of a standing wave, and in addition an envelope that
remains constant in the resist layer and decreases with depth in the multilayer stack. The decreasing electric field in the
multilayer gives an indication of the extent to which a fault in the multilayer affects the reflected field. The electric field
drops to 5% at 20 FWOT, thus faults below 20 FWOT (which corresponds to approximately 34 bilayers below the top
surface) contribute 5% or less to the reflected field relative to the contribution at the top of the stack. This has the
consequence that a fault inside the stack may be acceptable if it is buried deep enough.
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Figure 4. Electric field in layer stack with 40 nm PMMA

The shape of the standing wave in the resist layer is affected by the underlying multilayer stack. For two cases deviating
from a nominal stack, the electric field was computed in a thin film simulation. One case relates to a reduced thickness of
the of the Mo layer in the fourth bilayer by 50%. The other relates to a buried silver layer below the third bilayer. The
results are shown in Figure 5. Note that due to the nature of the 1D thin film simulation, these errors extend throughout
the entire individual layer. In practice the errors will likely be confined laterally so that the effect is somewhat different
than plotted below.
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Figure 5. Intensity of the optical field in layer stack with errors

Now suppose that the reticle is covered with a positive tone high resolution resist. Looking at the intensity levels in the
examples above, it is seen that when the resist clearing dose corresponds to an intensity level of 1700 V3/m? the resist
over a buried silver layer is developed entirely, the resist over a multilayer with a molybdenum error is developed up to
0.3 FWOT (= 4 nm), whereas the resist over the nominal multilayer is not developed. The silver layer is thus detected
due to the difference in reflected intensity, whereas the molybdenum error is detected due to the difference in reflected

phase.

The resist must have sufficient resolution capability to distinguish between the nominal stack and the stack with phase
(Mo) error, as blurring the intensities by more than a few nm will make it impossible to differentiate between the
intensity curves. On the other hand, when the intensity profile is blurred throughout the resist layer thickness, the
contrast arises from the average intensity level. In that case, the nominal stack and the Mo error stack cannot be
distinguished, but the buried silver layer is still distinguished, because the reflected intensity of the latter stack is
different. In the underlying situations, the contrast is described mainly by the second term of Equation (1) (i.e. arising
from a difference in reflectivity) or the third term (i.e. arising from a difference in phase).

4. EXPERIMENTAL VERIFICATION

4.1 Experimental results in literature

As mentioned earlier, the method was introduced by Spector et al.*. These authors performed initial experimental
validation of the method. An EUV mask blank with programmed defects was coated with resist, flood exposed using
synchrotron radiation and subsequently partially developed. The programmed defects were created in the multilayer
coating using a focused ion beam. Implantation of Ga' resulted in local reflectivity loss depending on the ion dose. It was
shown that the method works, in the sense that bumps or pits of resist remain after development, marking sites with
amplitude defects. The resist parameters could be tuned to increase the size of the bumps and pits and consequently the
sensitivity of the technique. Assessment of the sensitivity using standard inspection machines was performed by creating
resist bumps using e-beam lithography and scanning with an unpatterned wafer inspection tool (Surfscan SP1), in order
to verify whether the defect sites can be located adequately using optical inspection techniques, in manual or automatic
mode. The size of the programmed defects was typically 10 pm square. Defects considerably smaller than 10 um square
were not visible due to contamination in the resist. The changes in resist height depend not only on the particular defect,
but also on the thickness of the applied resist film.
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An alternative method was described as well, in which resist was applied to a transparent membrane placed in close
proximity to the reticle, rather than to the reticle itself. In this case, as the light propagates away from the mask, phase
defects cause additional interference variation, making them easier to detect than with the direct method. Difficulties
with handling a transparent membrane the size of an entire mask blank aside, this method has the additional advantage
that one possible source of contamination of the reticle is eliminated.

4.2 Outlook for further technology assessment

We propose to supplement the experimental verification of the technique by looking at a number of other aspects. As we
have shown in the previous section, phase information is contained in the phase of the standing wave intensity profile. In
the previous analysis by Spector et al. it was assumed that the standing wave in the resist can be ignored. This is certainly
the case when the standing wave cannot be resolved due to limitations in the resist. However, the capabilities of resist,
and the capabilities of applying ultra thin layers of resist, have progressed and it is worth reconsidering the standing
wave effect as a possibility to detect phase errors. This would circumvent the need for a membrane (i.e. the alternative
method described in section 4.1). To obtain insight in the limitations in resists exposed with EUV an elaborate simulator
has been developed ® that could supplement experiments. As far as the function of a membrane as protection from
contamination is concerned, we are confident that this is not required. We have obtained excellent results with multilayer
cleaning, showing that a multilayer mirror can be cleaned without damage using a hydrogen plasma '°.

One important aspect of the present technique is the influence of contamination on the detection efficiency and detection
limit. In recent years a lot of effort has been put into mitigating the influence of contamination in EUV systems.
Although it remains difficult to control, it has been shown that the ASML Alpha Demo Tool has the issue of
contamination well under control ''. It is expected that the performance limit with regards to lateral resolution, in the
previous study imposed by resist contamination, has shifted considerably.

A possible topic to extend the study is looking at the merits of using ultra thin resist layers. The previous study used
resist thicknesses of 80 — 100 nm. It has been shown that e.g. PMMA forms nice films of even smaller thickness '%. In
these proceedings " it is shown that even thinner layers of 5 nm of HSQ resist can be applied without difficulty.

In section 2, we listed several optical techniques intrinsically capable of resolving nm thickness variations on a substrate.
One other inspection method that is easily capable of detecting topographic features on the order of several nm is
charged particle beam microscopy (SEM, HIM). A nice demonstration of the capabilities of HIM (Helium Ion
Microscopy) is shown in these proceedings . A logical step in the technology assessment would be to determine the
detection efficiency of the defects on the reticle with either of these techniques. The balance between defect size, or more
appropriately, size of the feature in the resist on the one hand, and resolving capabilities of the surface analysis technique
on the other, is an important aspect in assessing the sensitivity, and consequently, speed of the inspection method. This
aspect of throughput, determined by signal-to-noise, defect size and resolution, has been addressed in a previous
publication '*. In that paper, a novel wafer inspection technique using multiple low resolution electron beams is
described. A throughput model was developed that can easily be adapted for blank inspection with an arbitrary surface
analysis technique.

The previous study used synchrotron radiation for the resist exposure. It is well worth noting that this is not a necessity.
The coherence and chromaticity requirements of the illumination are relaxed and most industrial and current laboratory
EUYV sources will suffice for this technique.

5. CONCLUSION

This paper describes a technique for at-wavelength mask blank inspection that can be implemented fast and at relatively
little technological effort. In this technique photoresist is applied to a mask blank, exposed with EUV and developed.
Phase and reflectivity defects in the blank are then transferred to the developed resist. Initial experimental studies
performed in the past by others > have shown that the technique is viable. We feel it is worthwhile to bring the technique
to the notice of the industry once more in the absence of a mature EUV mask blank inspection platform.
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The current publication takes a complementary view on the contrast generating mechanism of the technique. It thus
suggests a direct approach to detect phase defects as well as reflectivity defects.

One of the strengths of this technique is its relying on existing industry infrastructure. The consequence is that only little
development effort is expected. Having relevant equipment, network and experience to initiate further evaluation of the
inspection method, we propose to reevaluate the technique with the current state-of-the-industry capabilities with respect
to resist processing, contamination control and inspection. The previous experimental results looked promising. Next
objectives should be on the areas of pushing down the detection limit (lateral resolution, phase error, reflectivity error),
assessing inspection speed, and evaluating the technological implementation. The matter of detection capabilities should
also be linked to whether a defect will actually print on a wafer.
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