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ABSTRACT 

White-light imaging systems are free of laser-speckle. Thus, they offer high sensitivity for optical defect metrology, 
especially when used with interferometry based quantitative phase imaging.  This can be a potential solution for wafer 
inspection beyond the 9 nm node. Recently, we built a white-light epi-illumination diffraction phase microscopy (epi-
wDPM) for wafer defect inspection. The system is also equipped with an XYZ scanning stage and real-time processing. 
Preliminary results have demonstrated detection of 15 nm by 90 nm in a 9 nm node densely patterned wafer with bright-
field imaging. Currently, we are implementing phase imaging with epi-wDPM for additional sensitivity.   
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1. INTRODUCTION 
Laser quantitative phase imaging (QPI), a sensitive imaging technique, has been widely used in the past for biological 
and material science imaging [1-3]. In recent years, we have also applied QPI for patterned wafer defect inspection, 
looking at patterning defects that are smaller than 20 nm wide by 100 nm long [4-6]. However, the laser-speckle has 
hindered laser QPI for detecting defects that are smaller than 10 nm wide. Over the past year, we have developed a 
white-light QPI technique to address the future needs in defect inspection metrology. This system is based on the 
principle of white-light diffraction phase microscopy [7-9]. Our system has a spatial coherence area of about the 
diffraction spot, which is sufficient for inspecting densely patterned wafers. In addition to phase imaging, we also added 
automated XYZ scanning of the wafer, enabling pixel level wafer translation during the imaging. In-plane and vertical 
through focus wafer scans are made possible with a LabVIEW interface that also integrates the image retrieval 
processing and thus enables real-time defect inspection. 

2. WHITE-LIGHT INSPECTION SYSTEM 
Before building the white-light interferometry inspection system, we first build a white-light bright-field inspection 
system. This system is equipped with XYZ scanning, and our results showed that we can clearly detect 15 nm by 90 nm 
defects in a 9 nm node densely patterned wafer. In order to perform white-light interferometry, or epi-wDPM in 
particular, we need a white-light source and a Fourier plane filter to make the reference beam and the signal beam. The 
white-light source we decided to use is a cold white-light LED (Thorlabs MCWHL5 source, cold means the spectrum is 
close to blue) with 800 mW maximum output power. The spectrum of this light source is plotted in Fig. 1 (data from 
Thorlabs). The spectrum has an abnormal and non-symmetric profile. When measuring the sample surface profile, we 
need to know the mean wavelength of the light source. Using the spectrum data, we determined the source has a mean 
wavelength at 503 nm. It is also necessary to measure the temporal coherence length, which limits the maximum surface 
height measurement and also relates to speckle effect. For such a non-symmetric spectrum, we use the power equivalent 
spectrum bandwidth Δλ = |λmax-λmin| to calculate the temporal coherence length lc = λmax λmin/ Δλ. The λmax and λmin values 
are calculated to be 532.2 nm and 473.2 nm, thus lc is found to be ~ 4.3 µm.   
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Figure 1. The Thorlabs cold white-light LED spectrum. 

 
For the Fourier plane filter, we follow the previously demonstrated white-light DPM (wDPM) design [7-9]. The Fourier 
space filtering is performed with a projector-based spatial-light modulator (SLM). In white-light phase imaging, the 
spatial coherence is an important factor to consider. Through proper spatial filtering, one needs to achieve a spatial 
coherence area larger than the field of view to get the correct quantitative phase imaging results. It was found that both 
the aperture diaphragm (relates to the illumination beam) and the SLM filtering are equally important  for achieving the 
proper spatial coherence, as described in references [8, 10]. According to these references [8, 10], the measured phase is 
the true phase subtracting the low-pass filtered phase due to the filter and illumination, which can be expressed as 

( ) ( ) ( ) ( ) ( ){ }arg arg ill refS T T Sφ ∗⎡ ⎤= − ⊗⎡ ⎤⎣ ⎦ ⎣ ⎦r r r r r% ,                                               (1) 

where S is the sample reflection function, Tref is the SLM reference pinhole aperture function (tilde denotes Fourier 
transform), and Till is the illumination mutual intensity function. By assuming a shift-invariant illumination field, we can 
defined Till as 

( ) ( ) ( )' ', ,ill ill illT U t U t
τ

∗− =r r r r ,                                                           (2) 

where Uill  is the sample illumination field selected by the aperture diaphragm apT , as 

( ) ( ) ( ), ,ill s apU t U t T= ⊗r r r% % .                                                                (3) 

Note that Till and Tref are not independent of each other, a smaller aperture diaphragm makes it easier to make a smaller 
reference beam filter, this is reflected by the product ( ) ( )ill refT T∗ r r% in Eq. (1). In Eq. (1), the first term ( )arg S⎡ ⎤⎣ ⎦r  is the 
true phase of the sample. Notice that the true phase may not be the surface profile of the object, depending on the internal 
object structure. The second term ( ) ( ) ( ){ }arg ill refT T S∗⎡ ⎤ ⊗⎣ ⎦r r r%  is the low-pass filtered version of the true phase. Thus, the 

overall phase is high-pass filtered. Ideally, we need both Till(r) and Tref (r) to be uniform (both the aperture diaphragm 
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and the SLM pinhole filter to be delta functions), then the second term becomes a constant that can be removed through 
calibration. However, this is impractical, because almost all the power of the light source will be blocked, resulting in a 
noisy interference image. In reality, the aperture diaphragm will have a certain size that compromises the coherence and 
power, and the SLM pinhole filter will have a certain size to balance the fringe contrast and power. To determine the 
coherence area of the system, we need to measure the numerical aperture (NA) of the aperture diaphragm, which can be 
done in its conjugate plane on the SLM. On the sample stage, we can use a diffusive objective to fill the resolution circle 
in the signal beam in the 1st-diffraction order. The white-light source selected by the aperture diaphragm will also show 
up in this diffraction order. Thus, by measuring the ratio σ, defined as the resolution circle diameter over the light source 
circle diameter, the spatial coherence length can be determined as dairy/σ, where dairy is the Airy spot (or diffraction spot) 
diameter, dairy = 1.22λmean/NAobj. For a fully coherent source σ is 0, thus infinite coherence, whereas for a completely 
incoherent source σ equals to 1 that corresponds to a coherence length of the diffraction spot. Thus, in white-light bright-
field imaging, with no light source filtering, the objective lens determines the coherence length.  

In most cases, having a spatial coherence area to cover the field of view is difficult to obtain [8]. Practically, we can just 
achieve full spatial coherence over the sample area. For cell imaging, a spatial coherence length of ~ 10 µm is usually 
sufficient, while for patterned wafer defect inspection a coherence length of a diffraction spot is sufficient since the 
features are typically sub-wavelength. Thus, for the wafer inspection experiments, the coherence is not an issue for phase 
imaging. However, it is still desirable to have relatively good image contrast through reducing the aperture diaphragm 
NA at the expense of light power.  

In our system, to trade beam power for contrast, the aperture diaphragm is closed down to ~ 1 mm (the minimum) to 
select the light source, which is crucial for spatial coherence. For wafer inspection, the wafer structures are usually 
smaller than the diffraction spot, thus, the spatial coherence is not a big issue. However, closing down the aperture 
diaphragm is still necessary to obtain the optimum image contrast. On the SLM plane, we gradually shrunk the size of 
the reference beam pinhole filter to get a plane wave, at least across the camera sensor area, for making a reference 
beam. However, as the pinhole size gets smaller, the reference beam power decreases significantly, resulting in poor 
fringe visibility on the camera. To maintain relatively good visibility, we have to use a pinhole of about 200 µm. 
However, this induces a high-pass filtering effect in the phase image as we discussed earlier. This high-pass filtering 
effect is notorious for large sample structures, but can actually be helpful in defect inspection where structures are tiny 
and defects are sharp. The high-pass filtering provides edge detection in the optical domain. 

3. REAL-TIME INSPECTION SYSTEM 
For wafer defect inspection, a precise and automated XYZ 3D sample scanning stage is necessary. It is also desirable to 
have a real-time inspection system that can integrate the camera image acquisition, XYZ sample stage control, and image 
post-processing into a single graphic user interface (GUI). Over the past year, we have been able to implement such a 
system in NI LabVIEW as illustrated in Fig. 2. The XYZ stage is assembled from three separate actuator-based 
translation stages (Thorlabs, ZST225B) with 25 mm travel distance and 8 nm minimum step size. In addition to the XYZ 
stages, we also have tip, tilt, and rotation correction. The XYZ stage is fitted onto the Zeiss Axiovert inverted 
microscope with a custom machined stage. This system is capable of performing wafer scans with specified step size, 
direction, and range. It can also perform sequential scans in different directions.   

In the real-time processing LabVIEW program, the camera control uses the NI Vision module and the Hamamatsu video 
capture library. The XYZ stage motors are controlled with the Thorlabs software through LabVIEW. The image 
processing is done mostly with the NI CUDA module (such as performing Fourier transforms) with the most efficient 
image retrieval algorithm. CUDA is designed for parallel computation in a GPU by NVIDIA. In order to use the NI 
CUDA module, an NVIDIA certified GPU is installed. The image post-processing takes about 210 ms which includes 
retrieving the phase and amplitude image and computing the histogram and the fringe visibility curve. The camera 
(Hamamatsu C4742-80-12AG) image acquisition takes about 125 ms. Thus, the overall time for one image capture takes 
about 500 ms for small scanning steps which corresponds to 2 frame/s. The real-time processing program can also be 
used for system alignment in DPM. In fact, we have also been able to integrate an automatic pinhole alignment program 
to a DPM system to make the system more user friendly.  
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