Phase defect detection with spatial heterodyne interferometry
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ABSTRACT

Phase shift techniques introduced in photolithography to further improve resolution produce a new set of challenges for
inspection. Unlike the high contrast provided by patterned and unpatterned areas on a binary mask, phase errors do not
provide significant contrast changes, since the phase change is imparted by a difference in material thickness. Qurface
topology measurements can be used to identify phase defects, but methods for surface topology inspection are typically
slow or can damage the surface to be measured. In this study, Spatia Heterodyne Interferometry (SHI) has been
considered as a possible method for high-speed non-contact phase defect detection. SHI is an imaging technique
developed at Oak Ridge National Laboratory that acquires both phase and amplitude information from an optical

wavefront with a single high-speed image capture.  Using a reflective SHI system, testing has been performed with a
mask containing programmed phase defects of various sizes and depths. In this paper, we present an overview of the
SHI measurement technique, discuss issues such as phase wrapping associated with using SHI for phase defect

detection on photolithographic masks, and present phase defect detection results from die-to-die comparisons on a
248nm alternating aperture phase shift mask with intentional phase defects.
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1. INTRODUCTION

Phase shift techniques introduced in photolithography to further imp rove resolution produce a new set of challenges for
mask inspection systems. Due to the high contrast between the opaque pattern and substrate materials used for binary
masks and the need to only detect defects in the pattern, inspection systems were able to locate binary mask defects by
imaging the mask surface with a traditional intensity imaging system. Phase shifting techniques have produced another
type of defect to be detected known as the phase shift defect. Phase shifting in masks is accomplished through two
methods: etching the substrate material as in Alternating Aperture Phase Shift Masks (AAPSMs) and using a partially
transmissive pattern material as in Attenuating Phase Shift Masks (AttPSMs)[1].

At Oak Ridge National Laboratory (ORNL), we have developed an imaging technique called Spatial Heterodyne
Interferometry (SHI) that captures single images containing both phase and amplitude information at a high rate of
speed. By measuring the phase of a wavefront reflected off of a surface, the relative surface heights can be determined.
Since surface topology of a Phase Shift Mask (PSM) provides a measure of the phase shift differences between regions,
SHI will allow detection of phase shift defects. The sensitivity of an SHI system for phase defects will depend on the
wavelength in two ways. First, the spatial resolution is limited by the illumination wavelength of the inspection system.
Secondly, the phase contrast for different defect depthswill depend on the inspection wavelength.

A prototype imaging system built by ORNL for nLine Corporation to apply the SHI technology to high aspect ratio
high-speed wafer inspection has been modified for photolithographic mask imaging [2]. The prototype tool known as
the Visible Alpha Tool (VAT) captures the wavefront resulting from 532nm illumination reflecting off of the surface to
be imaged. Testing has been performed on the VAT to begin to determine the sensitivity of SHI for phase defect
detection on an AAPSM with programmed phase defects.

As background, the following subsections will describe SHI by explaining how it is performed and what is measured,
discuss the phase shift structures used for resolution enhancement in optical lithography, and give a theoretical
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discussion on the application of SHI to phase defect inspection. Following the introduction, remaining sections detail
the testing, results, and conclusions for phase defect detection experimentation performed with the VAT on an AAPSM
with programmed phase defects.

1.1. Spatial heterodyneinterferometry

Spatial Heterodyne Interferometry (SHI) is a technique that captures an interferogram which is then passed through a
reconstruction algorithm that produces the phase and amplitude of the captured wavefront. Figure 1 shows a basic
layout of a reflective SHI system. An illumination beam is emitted by the laser, which is then split into a reference arm
path and a measurement arm path. The measurement arm path reflects the illumination beam off of the object to be
imaged (in this case a photolithographic mask) while the reference beam is reflected off of a mirror to produce a flat
reference image. The two wavefronts (measurement and reference) are then interfered on the surface of an imaging
device (CCD Camera) with a small angle between the two beam paths. This small angle produces aspatia heterodyne
frequency. Various lenses are used to provide the proper magnification and AOMs are used to allow shuttering and
power balancing between the two arms.
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Figurel. Basic layout for reflective spatial heterodyneinterferometry.

Interfering the reference and measurement arms at a small angle introduces a phase wedge between the two beams.
This phase wedge develops a linear fringe pattern across the image as seen in Figure 2. In order to show this
mathematically, SHI image formation can be adequately described using scalar dffraction theory B], where the
reference wavefront Uo(X,y), having amplitude, Ao(x,y), and phase, j (X, y) . and the measurement wavefront, Uu(x,y),

having amplitude, Au(x,y), and phase,y (X, y) . are described as,

Us(x Y) =A(xy) e ®? and U, (x,y) = A, (xy) e ¥ *¥
The intensity of the sum of these two wavefronts, 1(X,y), is recorded, e.g., on a photographic film media or in our case
directly on the surface of a CCD camera, and is expressed as,
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which contains information not only regarding the intensity of the two waves, but also the relative phase between them

at every spatial location (x,y). In SHI, the reference wavefront is considered to have uniform amplitude and phase over
the entire wavefront. However, the two beams are interfered at an angle. In the mathematics, we can treat this angle as

a wedge on the reference wavefront with slopes in the x and y directions proportional to W, and w, such that



f (X, y) = 2p(wxx+wy y)_ As a simplification, we will assume that the reference amplitude is equal to 1 and
baseline reference phaseis 0° resulting in

1(x,y) =14/ A, (% V)] +2A, (x,y)cod2p (w,x+w, y)-y (xy)]

The frequency constants, (W W), represent the spatial heterodyne frequency of the system. With this in mind, the
diagonal fringes shown inFigure 2 represent the spatial carrier frequency (w,w) and fluctuationsin the fringe intensity
and position encode the amplitude and phase of the measurement wavefront respectively.  Fourier frequency analysis
is then used to isolate the carrier frequency information from the autocorrelation and reconstruct the phase and
amplitude of the measurement wavefront [4]. Figure 3 shows the frequency domain image resulting from a Fourier
transformation of Figure 2a showing the separability of the image on the carrier frequency from the autocorrelation
image in the center.
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Figure2. SHI image (a) full image (b) magnified subsection showing diagonal fringe pattern.

Figure 3. Frequencydomain image showing separability of autocorrelation and carrier.



The result of the Fourier frequency analysisis the approximate determination of the original complex wavefront, i.e.,

Ur(xy)=2A,(x,y)e "™ »U, (xY)
Once an estimate of the origina complex wavefront, Ug(X,y), has been determined, the amplitude and phase are
determined by,
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where Re{} and Im{} represent the real and imaginary components of Ug(X,y) respectively. Figure 4 shows the
resultant phase of the chrome-on-chrome target imaged by the SHI image shown in Figure 2.

Figure4. Phaseimage reconstructed from a single SHI image. (a) phaseimage (b) 3-D representation of phase
image.

1.2. Phase defect detection with SHI

As mentioned earlier, phase shifting techniques are being incorporated into photolithographic masks to further reduce
the critical dimension that can be obtained with a particular illumination wavelength. Two phase shifting mask types
have emerged, Alternating Aperture Phase Shift Masks (AAPSMs) and Attenuating Phase Shift Masks (AttPSMs). An
AAPSM is similar to the common binary mask in that it consists of a substrate material such as quartz and an opague
pattern material (chromium). In AAPSM, the quartz is etched to produce phase shifts that differ in phase on either side
of a pattern structure/line by 180 degrees. The two different phase illumination levels reduce ringing caused by
diffraction at the pattern edges thereby creating a narrower printed line on the wafer than is possible without the use of
phase shifting. The AttPSMs use the same concept to improve resolution, but do so by using a partially transmissive
material for the pattern region. The transmissive material imparts a phase shift between light transmitted through the
shifting material and the substrate material. The phase shift is determined by the thickness and index of refraction for
the pattern material.

In both AAPSMs and AttPSMs, the phase shift imparted on the illumination beam is a function of the material’s
thickness and index of refraction. One way to directly measure the phase shift is by measuring the phase of a beam
passing through the mask [5]. Another more indirect method is to measure the surface topology of the mask [6] and
calculate the phase shift based on the known material indices of refraction. For defect detection, we are lessinterested in
whether a method makes a direct measurement of the phase shift than we are in whether the phase defect produces a
strong signal that can be detected. Obviously, the phase shift produces some change in the intensity of the image
projected by the mask, so an aerial imaging system (AIMS) can be used to measure phase defects [7]. However, a
direct AIMS image would likely be very insensitive to phase height errors. Common tricks to make phase information



more visible in the intensity image such as differencing between focus levels [I] can improve AIMS phase defect
detection capabilities. However, we feel that SHI can further improve the visibility of phase defects.

Since SHI is a phase measurement tool, the first notion is to measure the transmitted phase to perform defect detection
as is done in [5] where they are measuring the phase difference between two points on a mask. The SHI technique
would allow phase measurement over large areas with millions of points per image capture enabling high-speed
inspection. A transmission SHI system is currently under development. A reflective SHI measurement will also
provide phase shift information due to topology variations and can be used to perform phase defect detection. A
prototype reflective SHI system was used in this study as described in the following section.

For an AAPSM, what is the sensitivity of SHI measurements to a change in mask phase shift? Thisis calculated fairly
easily. First one must determine the substrate thickness difference needed to create the desired phase shift for the mask
projection wavelength. The etch depth is calculated as

d Mask %Dq 0
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where | ;. isthe PSM illumination wavelength, i is the substrate index of refraction, 1 ,;, is the index of refraction

for air, and DQ is the desired phase shift. With the depth, we can caculate the phase for a reflected wavefront
captured by SHI as

& 0
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where | gy isthe SHI illumination wavelength. Finally, the transmission SHI phase responseis given by

Dy = modéaj(l ar) 19 360°
(4]
The mod functions in both the SHI responses are a result of wrappl ng in phase. Phase measurements can only have
values from @ to 360° thus phase measurements wrap from 360° back down to . When performing reflective
wavefront measurements or transmission wavefront measurements at the non-actinic wavelength, phase wrapping plays
an important roll in the sensitivity of the phase defect detection.

The graph shown in Figure 5 was produced using the previous equations to show an example of reflective and
transmissive SHI phase response at two wavelengths, 248nm and 532nm, versus phase defect height in degrees on an
AAPSM designed for 248nm illumination. Many observations can be made from this graph. We will only point outa
few. Beginning with the transmission response (dashed lines), the 248nm SHI response directly corresponds to the
mask phase shift since it is at the designed wavelength. Using a longer wavelength will reduce the transmission SHI
sensitivity as seen with the 532nm response line where a 180° phase error only produces a 90° phase response. In
transmission SHI, no wrapping will occur over the designed mask phase shifts unless the SHI imaging wavelength is
shorter than the actinic wavel ength.

Since the phase shift imparted on a reflected wavefront is a result of path length differences instead of index of
refraction differences, the reflected SHI responses will produce wraps for both the 248nm and 532nm reflective SHI
responses. For the graphed example, the 248nm reflective SHI response will wrap at approximately every 90° of mask
phase shift, and the 532nm reflective SHI will wrap at approximately every 195° of mask phase shift. While wrapping
may be seen as bad since it makes certain phase shift errors difficult to detect. As shown in the graph, the reflective SHI
response curves have a steeper slope over the first 90° the transmission SHI response curves. This steep slope means
greater sensitivity for phase errors in this range. Therefore, if most phase errors are expected to be in this range, a
reflective SHI system will provide more sensitive defect detection. For example, a 10° phase defect will produce a
phase result of 18° for 532nm reflective and 39° for 248nm reflective where the transmission systems only produce 5°
and 10° for 532nm and 248nm illumination respectively.
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Figure5. Phase measurementsfrom reflection and transmission SHI with 532nm and 248nm illumination versus
the phase shift for AAPSM with actinic wavelength of 248nm.

2. TESTING

A prototype imaging system built by ORNL for nLine Corporation to apply the SHI technology to high aspect ratio
high-speed wafer inspection has been modified for photolithographic mask imaging [2]. This prototype tool known as
the Visible Alpha Tool (VAT) captures the wavefront resulting from 532nm illumination reflecting off of the mask
surface. While the VAT has been modified to hold masks, no modifications were made to the algorithms originally
designed for defect detection on wafers. The VAT images/inspects with afield of view equal to 120mmx120nm on the
mask. Ideally inspections could be performed at the CCD camera frame rate of 30 frames per second. In reality, the
reconstruction algorithm limits the VAT to two frames per second. Since the VAT is alaboratory test system, we have
not concentrated on accelerating the reconstruction. However, thisis a highly parallel problem when capturing streams
of images that can and has been accel erated with multiprocessor units on the nLine wafer inspection tools.

A DuPont Photomask AAPSM designed for 248nm was used in this study to test reflective SHI on phase defects. This
mask contains a variety of programmed phase defects in an array that enables the die-to-die agorithms employed for
wafer defect detection to be used. In this section we describe the mask used for testing and the tests performed to
determine the capabilities of reflective SHI for phase defect detection on the test mask

2.1. Mask description

While the AAPSM mask contains several different test regions, the area used for phase defect detection testing consists
of sets of linesin an alternating aperture setup with aline print size of 130nm. Figure 6 is a phase image from the VAT
showing the pattern on the mask in which the phase defects are placed. In thisimage, the material around the edges and
forming lines throughout is the pattern material. The phase shift regions on either side of each line can be seen as an
alternating dark-light pattern indicating that the VAT is able to distinguish between the 0° and 180° phase shift regions
use on an AAPSM. The mask is 4:1, so the pattern lines are 520nm wide. Spaces (quartz regions) between the lines
are twice the line width or 1040nm. For each defect type and size, the pattern is printed multiple times to facilitate
defect detection through die-to-die subtraction.
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Figure6. Mask pattern description.

The mask contains 18 different types of phase defects with sizes ranging from 50nm up to 500nm in 50nm steps. The
18 different types can be divided into three major subsets (2X wide edge, 1X wide edge, and corner). Within each
subset the defect is produced at three phase heights (60°, 120°, and 180°) and as both bumps and divots. The graphin
Figure 5 indicates that the VAT (532nm reflective SHI tool) should have good phase response for all three phase defect
heights.  60° defects will produce a 110° phase response, 120° will produce -140°(220°) response, and 180° will
produce aresponse of -30°(330°).

The first subset of defects is 2X wide edge defects. These defects are 2 times longer than they are wide such that the
50nm defect is 50nm x 100nm and the defects lie along the edge of a phase shift region far from a corner. Examples of
this subset are shown in Figure 7 with an AFM scan over the defect. In these images, the highest area is the pattern
material showing two lines with a phase shift region between. The divot is then etched out of the phase shift region to
create the desired phase shift error. As expected, the divot gets deeper as the phase shift error increases. The second
set of defects is 1x wide edge defects. These defects have equal height and width dimensions and are located along the
edge of a phase shift region. The final subset consists of corner defects. The corner defects are located in the corner of
a phase shift region and have equal height and width dimensions. AFM scans for three different corner defects are
shown in Figure 8. As the defects in Figure 8 are bump type, the bump height increases with the phase shift value.
Figure 9 shows the reconstructed phase of reflective SHI images taken by the VAT of the same defect types shown in
Figure 7 and Figure 8 with the defect circled in the image. These results are very encouraging due to the high visibility
of the defects.

From Figure 5 the VAT phase response for 60° phase defects on a 248nm mask is »110°; the response for a 120° phase
defect is »220°; and the response for a 180° phase defect is»330°. With phase subtraction, results actually fall between

+180° and -180° so the responses for 60°, 120°, and 180° phase defects are 110°, -140°, and -30° respectively. Thus,
we expect all three phase defect depths on the mask to be quite visible on the VAT.
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Figure7. AFM scans of 2 x Wide Divots. (Images reproduced with permission from [8])
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Figure8. AFM scans of corner bump defects.(I mages reproduced with permission from [8])
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Figure9. VAT phase images of quartz defects.

2.2. Test procedure

As mentioned previously, the VAT is a reflective SHI imaging system originally developed for defect detection on
semiconductor wafers. Maodifications made to the chuck allow masks to be imaged by the system, but no other
modifications to the control and image processing (defect detection) software have been made. In order to use the
system with no software modifications, a detection run was performed for each phase defect individually. Each run
captured an image of the same position in three different die, reconstructed the phase and amplitude for each image, and
performed detection by comparing the three complex images. Figure 10 gives an overview of the comparison between
the three die with an example. The first column shows three of the actual phase images for a2X wide edge divot with a
depth causing 120° of phase shift and a size of 500nm x 1000nm. The second column shows the results of comparisons
between neighboring die. This comparison is an algorithmthat uses both the phase and amplitude of the images to
acquire the shown difference images. The final column contains the defect mask for the center die and is the result of
combining the two difference imagesin column 2 and thresholding to locate the 120° phase defect in the example.



Once the detection is complete, the defect masks were inspected by an operator to determine whether each defect was
detected. In many cases, additional defects appeared requiring the operator to refer to the difference, phase, and
amplitude images to determine whether the detections were false positives. Many of the non-programmed defects
appear to be true defects, thus we were unable to provide performance with respect to false positives. However, in order
to provide a conservative estimate of performance, thresholds were set to keep the number of non-programmed defects
very low (no more than a couple extra defect per detection sequence) keeping in mind that many of the extra defects
were real based on review of the phase and difference images. To put this in perspective, a detection sequence inspects
aregion 120mt or about 10 times the area shown in the phase images of Figure 10 and each image contains 9 copies of
the region shown in the phase images.
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Figure10. Die-to-die defect detection.

3. DEFECT DETECTION RESULTS

The detection sequence described in the previous section was performed on all sizes of each phase defect type present
on the mask. Defects were labeled as detected if contained in the resulting defect mask and little or no extra defects
were present. Unfortunately, we know that many of the extra defects we see are real defects and are therefore unable to
make a comment on the number of false positives other than saying it was kept extremely low. The tabulated detection
results are shown inTable 1. The dark gray areas of the table indicate that the defect was detected. Thelight gray areas
indicate that the defect was visible in the difference images but did not pass the threshold. Based on previous
experience with defect detection on wafers with SHI, we feel that these misses are likely caused by focusing errors.



Much effort has been placed in developing autofocus method for wafers on the VAT, but these algorithms are not
directly applicable to masks and need modification to improve the focus capabilities for masks. As a result, a
rudimentary autofocus was used for these tests assuming the mask to be a plane of constant slope; therefore, we are
confident that most of the defects labeled in light gray on the table can be detected with improved focus algorithms.

These results show that the VAT was able to detect most of the defects one would expect due to the relatively long
illumination wavelength (532nm). While we have gone into detail about the expected phase response, we have not
mentioned the spatial resolution due to the illumination wavelength. For coherent illumination, the spatial resolution is
approximately half the wavelength, so spatial resolution is approximately 266nm for the VAT. In the table, 79% of the
defects 250nm and larger were detected. Most of the defects that were missed are corner bumps and 1x wide edge
bumps. For the defect detection runs, off-axis illumination was used to reduce back reflection noise. One possibility is
that the illumination angle essentially hid these defects behind neighboring pattern structures. In addition to performing
well on defects within the resolution of the system, the VAT was also able to detect many of the defects below the
illumination resolution (<250nm).

Tablel - Detection results from the 532nm VAT on a 248nm DuPont AAPSM.

Size(nm)
50 | 100 | 150 | 200 | 250 | 300 | 350 [ 400 | 450 [ 500 | Quartz Defect Type
2xWide Edge Divot 180°
2xWide Edge Divot 120°
2xWide Edge Divot 60°
1xWide Edge Divot 180°
1xWide Edge Divot 120°
1xWide Edge Divot 60°
Corner Divot 180°
Corner Divot 120°
Corner Divot 60°
Corner Bump 180°
Corner Bump 120°
Corner Bump 60°
2xWide Edge Bump 180°
2xWide Edge Bump 120°
2xWide Edge Bump 60°
1xWide Edge Bump 180°
1xWide Edge Bump 120°
1xWide Edge Bump 60°

Not detected
Possibledetection with additional focus work on VAT

-I Detected with VAT

4. CONCLUSIONS

In conclusion, this study has shown that reflective SHI is capable of performing phase defect detection on AAPSMs.
With the capability to measure phase of a reflected wavefront, SHI can see surface height differences in phase shift
regions. However, as with any phase measurement, phase wrapping issues must be considered to determine if the
inspection wavelength provides a strong phase signal for the phase defect heights to be detected. Using a shorter
wavelength will increase the number of wraps, but will aso increase the signal level for small phase defects making
them more visible.

While other measurement techniques can produce surface topology images for phase defect detection, reflective SHI
does so at a high rate of speed with a single image capture. The images captured for this work used exposures <lmsec
to capture a 1k x 1k image over a 120nm x 120nmm region of the mask. The current camera on the VAT can capture 30
frames per second. Therefore, the limiting factor is reconstruction of the phase and amplitude images. The current PC



on the VAT can only sustain a 2 frames/second reconstruction rate, but this is a highly parallel problem when
reconstructing a stream of imagesthat can and has been accelerated with a multiprocessor system.

Further testing is needed to get a more precise measure of defect detection performance. This testing needs to address
several issues such as repeatability, the effect of off-axis illumination on detection, and focus improvements. As afinal
comment, the defect detection results are very good for this type of test considering algorithms designed to perform
defect detection for wafers were directly applied to masks, and the defect detection results will likely get better with
improvementsin the autof ocus and defect detection algorithmsthat tail or these algorithms for masks.
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