9nm node wafer defect inspection using visible light
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Abstract

Over the past 2 years, we have developed a common optical-path, 532 nm laser epi-illumination diffraction phase
microscope (epi-DPM) and successfully applied it to detect different types of defects down to 20 by 100 nm in a 22nm
node intentional defect array (IDA) wafer. An image post-processing method called 2DISC, using image frame 2™ order
differential, image stitching, and convolution, was used to significantly improve sensitivity of the measured images. To
address 9nm node IDA wafer inspection, we updated our system with a highly stable 405 nm diode laser. By using the
2DISC method, we detected parallel bridge defects in the 9nm node wafer. To further enhance detectability, we are
exploring 3D wafer scanning, white-light illumination, and dark-field inspection.
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1. INTRODUCTION

Last year, 22nm node computer chips were launched by Intel, which have significant performance improvement over
their 32nm node predecessor. Continuing efforts are being made on lithography [1], and denser patterns with node sizes
shrinking down to 10 nm will be possible around 2017, according to the International Technology Roadmap for
Semiconductors (ITRS). This creates a critical challenge for optical defect inspection, see a discussion in reference [2].

Recently, a lot of effort has been devoted to developing ultra-violet (UV), deep UV, or high-order harmonic laser
sources [3-5], to improve the resolution of the optical inspection system. However, the ultimate limiting factor for defect
detection is the system noise and the sparsity of the pattern, not the resolution of the microscope [6-9]. In the past two
years, we have developed a very low noise and highly sensitive optical metrology tool. This tool is based on a 532 nm
laser epi-DPM system. Epi-DPM is a common optical-path digital holography microscope, which has demonstrated
nanometer axial sensitivity [10, 11]. Using this system, we successfully demonstrated detection of different types of
defects down to 20 nm wide by 100 nm long or similar in a 22nm node IDA wafer [12-14]. We retrieved both the phase
and amplitude of the reflected light from the wafer surface and used a comprehensive image post-processing method to
extract the wafer defect signal. The processing method is called 2DISC, which is a combination of producing a 2" order
difference of transverse scan image frames, image stitching, and defect pattern convolution. For a detailed description,
see reference [13].

Recently, we adapted the system to inspect a 9nm node IDA wafer. This wafer has defect sizes that are only 10 nm wide
(40% the linewidth of the 22nm node IDA wafer). Further, the pattern is more than 2x denser than the 22nm node IDA
wafer [5]. Thus, in order to detect defects in this 9nm node wafer, the system’s sensitivity needed to be enhanced
tremendously. We replaced our 532 nm solid state laser with a 405 nm diode laser which has a 10x better power stability
and inserted a 405 nm narrow-band filter in front of the camera. With the 2DISC method, we detected parallel bridge
defects in the 9nm node wafer in both phase and amplitude images at optimum polarization and focus.

To further enhance our system’s sensitivity and thereby improve the defect detectability, we are exploring several other
approaches. One approach is using an inverse filter to high pass the image at the Fourier plane to remove laser speckle
noise. In this way, the CCD camera’s full dynamic range can be used for the wafer signal. Our results from measuring a
parallel bridge defect shows about 50% sensitivity improvement compared to bright field. The second approach uses a z-
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scan to produce a 3-dimensional (3D) wafer image. Our z-scan measurements use a white light illumination system.
From the 2" order differential z-stack images, the defect signal can be clearly identified from the cross-section planes.
The third approach is using a spatial light modulator to selectively filter the image signal, so that we can maintain the
defect signal and suppress the wafer underlying structure. We have carried Fourier spectrum simulations on the 22nm
node IDA wafer and the 9-nm node IDA wafer. The simulation results can guide us on designing the optimum spatial
light modulator (SLM) based filter. We also simulated optical images and compared them with our experimental results.
This comparison will be useful for studying the noise and estimating our detection detectability limit.

2. 9NM NODE IDA WAFER PATTERN

The 9nm node IDA wafer design consists of one type of line structure which has 9 nm by 270 nm size. However, the
actually width of line could be 15 nm due to imperfections in the fabrication process. The rectangular unit cell is 360 nm
by 240 nm and contains 2 lines. It is repeated in a rhombic lattice pattern to form a 2-dimensional array. Deferent types
of intentional defects are printed to the wafer pattern for inspection testing. In Fig. 1, we draw the wafer pattern with
different defects. The pattern’s dimensional information is obtained from reference [5]. Figures 1(a)-(c) are illustrations
of a parallel bridge defect, a perpendicular bridge defect, and an isolated dot defect. The wafer patterns are later used for
our dark-field inspection simulation study.

500 nm

Figure 1. llustration of the 9nm node IDA wafer structure and its defect. (a) is a paralleled bridge defect; (b) is
a perpendicular bridge defect; (c) is an isolated defect. The unit cell is 360 nm in the horizontal direction and
240 nm in the vertical direction.

3. 405 NM LASER EPI-DPM AND 2DISC METHOD

The 405 nm laser was tested and shown to have 10x better power stability compared with our previous 532 nm laser.
Thus, we used the 405 nm laser in the epi-DPM system for the 9nm node wafer defect inspection. During the inspection
process, we first collect a sequence of interferograms in the wafer, by translating the wafer horizontally in the direction
parallel to its line structure, with an adjacent frame translation step of 0.75 um. Then, a phase and an amplitude image
are retrieved for each interferogram. In the following, we will use the phase images from a parallel bridge defect array,
which contains a defect with about 15 nm by 90 nm size to show the image post-processing process for defect detection;
more details on the processing is described in reference [13]. The exact size will be verified later with scanning electron
microscopy (SEM). We will discuss the phase images; note that amplitude images have similar performance. From a
single phase image, it is impossible to discern the defect due to the residual noise. In order to remove the noise, we
decompose the noise into two components: time-variant and time-invariant. The time-invariant noise is mainly from the
laser speckles, and it is invariant to translating the sample in plane. By calculating an image frame difference, we can
almost completely remove this type of noise. We use the 2™ order frame difference which is defined as:
Fo(%y)—2xF,_1(xy)+F,_o(xy), since it yields better signal contract compared with the 1% order. A sequence of

image frames is produced from the 2" order frame difference. The time-variant noise can be reduced by time-averaging.
We perform this averaging through an image stitching process, which uses all of the 2" order difference image frames to
produce a panoramic image. In this way, we not only suppressed the noise but also achieve a larger field of view. Figure
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2(a) is the panoramic 2™ order difference phase image. In this image, we can see the intentional defect at the center of
the image. Due to the 2" difference process, the defect signal will have a tripole pattern as: 1 -2 1, with a separation of
0.75 um. Thus, in order to extract the defect signal, we convolve the image with a matched tripole pattern, which takes
into account the point spread function of the system. After the convolution, we obtain the final detection image in Fig.
2(b), which we call the 2DISC image. Now we can see the defect signal contrast has improved compared with Fig. 2(a).
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Figure 2. 2DISC phase image using 405 nm laser epi-DPM for detecting a parallel bridge defect. (a) is the panoramic 2™
order difference phase image; (b) is the image after convolution with the tripole pattern. The defect is marked by a red
rectangle.

4. INSPECTION WITH INVERSE-FILTER

To further improve the sensitivity, several approaches were explored. One approach is dark field imaging, which is
suitable for detecting edge defects. For our preliminary demonstration, we put an inverse pinhole filter in the Fourier
plane of the image signal to filter out the laser speckle pattern. This filter may not be optimum, and we will discuss the
optimum filter design in Section 6 using an SLM filter. Here, we perform dark-field imaging to enhance the sensitivity
of the 2DISC method for the 15 nm by 90 nm parallel bridge defect array. The inverse pinhole filter consists of a clear
quartz slide with an opaque chrome region that has a 50 um diameter. This filter is placed in a Fourier plane of the
microscope and blocks the unscattered light, which thereby allows the camera’s full dynamic range to be used to
measure the scattered signal. For simplicity, only intensity images are recorded and we use them to produce the 2DISC
amplitude image. In this simplified configuration, no interferograms are formed and we do not recover phase images.
Figure 3(a) is the dark-field panoramic 2" order difference amplitude image, and Figure 3(b) is the image after
convolution with the tripole pattern, i.e., 2DISC image. In both images, we clearly see the intentional defect at the
center. In addition, we also observed several other unintentional defects, indicating that this is a potentially more
sensitive technique than bright field. This inference will need to be verified with SEM in the future. For comparison, we
also produced bright field image in Figures 3 (c) and (d), in which we could only clearly observe the center intentional
defect and one unintentional defect indicated by the red arrow, but not the one indicated by the black arrow. To study the
sensitivity improvement in the 2DISC image, we define a quantity as: y=|Dmax-Dminlregion1 /|Dmax-Dminlregionz, Which is the
defect tripole pattern contrast ratio between the unintentional defect indicated by the black box and the central
intentional defect. Dyax and Dy, are the maximum and minimum signal in a 4 um by 4 um rectangle around the defect.
Regionl is marked by the black box and region2 is marked by the red box. The y value is found to be 0.81 for dark field,
whereas 0.53 bright field. This means that in the dark-field image, the unintentional defect produces signal strength
comparable to the intentional defect. However, in the bright field image, the unintentional defect produces only half of
the signal comparable to the intentional defect. This indicates that we can potentially detect more defects in the dark-
field. Again, this needs to be verified by SEM in the future.
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Figure 3. Dark-field 2DISC amplitude image for detecting a parallel bridge defect. (a) is the dark-field panoramic 2™ order
difference amplitude image; (b) is image (a) after convolution with the tripole pattern; (c) is the bright panoramic 2™ order
difference amplitude image; (d) is image (c) after convolution with the tripole pattern. In the image, the defect is marked by
a red rectangle, and in each image two unintentional defects are marked by a red arrow and a black arrow, respectively.

5. INSPECTION WITH 3D WAFER SCAN
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Figure 4. 2™ order x-difference image in 3D using z-scan. (a) is the z=0 plane image, (b) is the y=0 plane image, and (c) is
the x=0 plane image. The planes are cut at the defect location. The defect is marked by a red circle.
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A second approach to improve detectability is using z-scans to produce a 3D wafer image. Performing z-scans is
expected to significantly improve the sensitivity. This through-focus scanning method has been previously demonstrated
by Barnes et al at NIST using a 193 nm source [5]. Here we perform z-scans under a white light illumination system
which covers the spectrum from 400 nm to 1100nm. For each defect array, we collect 3 z-scan stacks around the center
of the array (i.e. where the defect is located). The 3 z-scans are taken with the IDA sample translated by 1 um steps in
the x-direction, i.e. horizontally. Then, we produced a 2nd order differential image in x for each z step in order to get a
2nd order x-difference z-stack. To visualize the 3D data, we show cuts at the defect position at three different planes, i.e.
z=0 plane (Fig. 4(a)), x=0 plane (Fig. 4(b)), and y=0 plane (Fig. 4(c)), respectively. Especially in Fig. 4(b) and (c), the
defect has produced a predominant signal with a unique feature. Thus, by recognizing the defect’s 3D features, we can
extract the defect from the wafer’s underlying structure. This recognition can be achieved by a 3D defect pattern
convolution.

6. DARK-FIELD INSPECTION SIMULATION

A physical inverse pinhole filter is not ideal for dark-field inspection, since it cannot be easily aligned and optimized to
match the wafer pattern or defect. Thus, we explore an alternative approach of using a projector based SLM to make the
optimum filter for dark-field inspection. In this section, we show the simulation results for dark-field inspection. The
simulations will help us to design our dark-filed SLM filter in the future. We first simulate the Fourier plane spectrum
signal for a 22nm node wafer under a numerical aperture NA=0.9 objective. This wafer has a 0.8 um x 0.8 um unit cell
arrayed in a rhombic pattern, see SEM images in reference [13] for more details. The Fourier spectrum of a defect free
array is plotted on a log scale in Fig. 5(a). The Fourier spectrum of a 34 nm by 160 nm parallel bridge defect array is
plotted in Fig. 5(b). The spectrum difference, i.e., the defect signal, is computed on a linear scale and then converted to a
log scale and plotted in Fig. 5(c). As we can see from Figs. 5(a) and (b), most of the wafer underlying structure is in a
few bright dot regions corresponding to the translational symmetries of the wafer structure whereas the defect signal
covers a broad region about the center. Thus, we can design our filter to just block those dot regions and maintain the
defect signal. Note that, there will also be a strong spectrum spot near the origin which is due the direct reflection from
the wafer and the laser speckle noise. Thus, the SLM filter needs to also block the central region spot.
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Figure 5. Dark-field inspection simulation in the 22nm node IDA wafer for a 34 nm by 160 nm parallel bridge defect. (a)
is the Fourier spectrum of the defect free array; (b) is Fourier spectrum of the parallel bridge defect array; (c) is their
Fourier spectrum difference which is the defect signal spectrum. The plots are in logarithm scale. (d) and (e) are the
simulated 2™ difference image and tripole convolution image.
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To study the noise and underlying pattern’s effect on detection sensitivity, we also simulate 2™ difference images and
tripole convolution image, i.e., 2DISC image. The images simulated assume no noise, but we define a parameter called
peak-signal-to-noise-ratio (PSNR) to address the noise factor, which is defined as:

Drax — D
PSNR = 20x log,, [M}

On +O_i

where |Dmax—Dmin | 1S the defect contrast in the 4 um by 4 um defect region, o; is the standard deviation of the image, and
o, is the standard deviation of the noise. |Dyax—Dmin | and o; can be extracted from the simulation but ¢, can be obtained
from experimental results. Note that our simulation do not include polarization effects, thus we lowered the experimental
value of PSNR to obtain reasonable o, values for the 2" difference image and tripole coevolution image. For the 2"
difference image in Figure 5(d), the ratio of g,/a; is 0.62 and the PSNR is 11dB. And for the tripole convolution image in
Fig. 5(e), the ratio of o,/0; is 0.34 and the PSNR is 22 dB. As demonstrated experimentally, when PSNR is > 15dB, we
have good detectability. Thus, the simulation show that we can detect defects very well in the tripole convolution image.
However, if we can also use our dark-field filter to block the wafer’s underlying structure, i.e., making a; ~ 0, then even
the 2" difference image may be good enough to detect defects in the 22nm node wafer.
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Figure 6. Dark-field inspection simulation in the 9nm node IDA wafer for a 15 nm by 90 nm parallel bridge defect. (a) is the
Fourier spectrum of the defect free array; (b) is Fourier spectrum of the parallel bridge defect array; (c) is their Fourier
spectrum difference which is the defect signal spectrum. The plots are in logarithm scale. (d) and (e) are the simulated 2™
difference image and tripole convolution image.

As the wafer line structure shrinks down from the 22nm to 9nm node, o; becomes an order of magnitude smaller. This is
much smaller than g, the noise coming from the microscope system, which then becomes the limiting factor. In Fig. 6,
we show a similar simulation for the 9nm node wafer with geometry defined in Section 2. Figures 6(a) and (b) are the
Fourier spectrum for the defect free array pattern and the 15 nm by 90 nm bridge defect array pattern, respectively. From
both images, we see that most of the underlying wafer structure’s periodic signal cannot be captured by the optical
system due to diffraction limit. Only small portions are left near the north and south poles. Figure 6(c) is the difference
spectrum which is due to the defect. Figure 6(d) and (e) are the 2™ difference image and tripole convolution image. For
the PSNR calculation, we use o, value from our previous 532 nm laser system. As expected, the underlying structure and
the defect signal become much weaker, i.e., g; and |Dyax—Dmin | are very small. Thus, the PSNR values are well below
our detection limit. For the 2™ difference image, the ratio of a,/a; is 46.5 and the PSNR is -12 dB, and for the tripole
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convolution image, the ratio of o,/g; is 15.1 and the PSNR is only 4.7 dB. However, our 405 nm laser is 10x better in
power stability compared with 532 nm laser. Thus, the o, will be much smaller, and the PSNR can be above 15dB for
the tripole convolution image. This explains why we were able to detect defects experimentally in the 9nm node wafer as
was described in Section 2.

7. SUMMARY

We presented our current progress on inspecting defects on a 9nm node dense wafer. Several approaches have been
proposed and explored including the 2DISC method with the 405 nm laser epi-DPM system, 3D wafer scanning with
white-light, and dark-field inspection. In the future, we plan to incorporate epi-DPM, dark-field, and 3D scanning for
9nm node wafer inspection. We are currently building a system with all the proposed capabilities in a clean-room
environment. In the future, depending on the application, we can selectively illuminate the wafer with either a 405nm
laser or a white light source. We believe that these improvements in our wafer inspection system will enable us to detect
additional defect types (beyond parallel bridge) in the 9nm node IDA wafer.
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