
Correcting Substrate Warp for X-Ray 
Reflectometry 
By: Pavan Bhargava 

Presenter
Presentation Notes
Hi my name is Pavan Bhargava, and I am a junior studying Electrical Engineering at the University of Maryland College Park. My SURF project this year is “Correcting Substrate Warp for X-Ray Reflectometry”
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To start off I would like to talk about reflectometry and how it works. Reflectometry is a technique used to determine the structure of thin-films. 



What is Reflectometry? 

http://en.wikipedia.org/wiki/File:Dieselrainbow.jpg 
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To give you an intuitive feel for how reflectometry works, I’d like to introduce it by analyzing a thin-film that many of you have probably seen before. This picture is of a film of oil on top of a puddle of water. The first question that may cross your mind is, why do we see rings of different colors in the oil? What is happening is that light is interacting with the film itself to form the pattern of rings we are seeing.

http://en.wikipedia.org/wiki/File:Dieselrainbow.jpg
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• Layer Thickness Constructive Interference Destructive Interference 
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This is a side view of the film of oil on top of the water. Light first hits the surface of the film. Some of this light reflects off of the surface at the same angle as it came in, and some of it refracts into the film at an angle that depends on the material, in this case oil. The refracted light then hits the interface between the oil and the water; some of this light refracts into the water and some of it reflects back, and refracts into the air. Now the light could have traveled two different paths of different lengths, where the path length difference is in orange. The wavefunctions the two paths that the light could take interfere, and the probability that you observe the photon is determined by this composite wave. If the waves are off by a multiple of their wavelength, they constructively interfere, increasing the probability that light is observed, and manifest as a bright spot. If the waves are off by half of a wavelength, then these waves destructively interfere, decreasing the probability that the light is observed, and manifest as a dark spot. The interference is dependent on 4 main factors, incident angle of the light, wavelength of the light, layer composition, and layer thickness. So the reason why we see rings of different colors in the oil is that thickness variations in the oil film cause different wavelengths of light to constructively interfere in different regions. So how do we utilize this phenomenon to understand other thin films? We  set the wavelength to a single value, and record the intensity of light as a function of angle. We then fit the data to get information about the layer compositions and layer thicknesses.




X-Ray Reflectometer Setup 
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This is a picture of the x-ray reflectometer that we use at NCNR. On the left is the source arm, which emits x-rays of a single wavelength at a tight distribution of angles. In the center is the stage where the sample is placed. The stage has motors that allow for the sample to be precisely aligned in the beam. On the right is the detector arm, which essentially counts the number of x-rays that hit it. The source and detector arms can be swung to analyze the intensity of x-rays as a function of angle.



Reflectivity Curve 
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This is a typical reflectivity curve for a film of gold and chrome on top of a silicon wafer with a thin SiO2 layer. At angles below the critical angle for gold, the x-rays completely reflect off of the surface and do not refract. This is what causes the plateau region. As soon as the angle is increased to the critical angle of gold, the bright and dark fringes of x-ray intensity become apparent.	
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The fits to the data that we obtain assume that the reflectivity curve is of a sample that is perfectly flat. But in reality, wafers are warped in many different ways, and this distorts the data that we get. My goal this summer was to correct for the effect of warp.



Substrate Warp 
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In a flat substrate incident and reflected angles are equal relative to the reflectometer. But in a sample that isn’t flat the reflected rays can spread out, or even focus together if the warp is concave. We measure warp by determining how the spread of the beam changes. Later on, I will talk about the three ways in which we use this warp information to correct for its effects.



Detector Scan 

Source 
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In order to do this, we perform what is called a detector scan. This means that instead of locking the source and the detector at the same angle like we do in reflectivity measurements, we keep the source at a constant angle and sweep the detector. This allows us to get a measure of the spread of the beam.



Divergence of Incident Beam 

Width 
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When we perform a detector scan on the beam itself, we get a gaussian distribution of angles. The integrated intensity of the x-rays is proportional to the width of the curve to the height of the curve.



Warp Effects – Reflected Angle 
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When we perform detector scans on warped samples, the gaussian distribution changes in spread. The green curve is of a focusing sample, which results in a tighter gaussian distribution, and the blue curve is of a defocusing sample, which results in a wider gaussian distribution. Since the integrated intensity is the same in all three measurements (the x-rays must reflect somewhere) and the width has changed, we see an altered height, which is essentially what is measured in a reflectivity curve. We want to isolate the amplitude of the actual reflected beam from the effects of warp. We know the width of the incident beam, and we just measured the height and width of the warped beam, so we can use this equation to solve for the real reflectivity. We can use regions where we know the theoretical value of the height of the beam to evaluate this correction factor.



Warp Effects - Footprint 
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However, you cannot just perform one detector scan and correct the entire reflectivity curve based on it because of the footprint effect. Since a different portion of the sample is illuminated at different angles, the width of the detector scan changes as a function of angle.



The Experiment 
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To investigate the effects of warp, we first took a series of detector scans at different incident angles on plain Si wafers in two different orientations. Why do we want to do measurement it in both orientations? So if this is a contour map of the wafer, we can see that the warp is different in each direction. We chose samples that were warped very differently in different orientations to compare the reflectivity curves and correct them so they become identical. We then sputtered layers of chrome and gold on these samples, and took reflectivity measurements in each orientation.



Warp Effects – Reflectivity 

Unwarped Orientation 

Warped 
Orientation 
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So the reflectivity curves above are of a sample that is relatively flat in one orientation, and focusing in another. At higher angles, the warp does not have much of an effect on the reflectivity. However, near the plateau region warp heavily distorts the shape of the curve. Let’s take a closer look.



Warp Effects – Reflectivity 

Unwarped Sample 

Warped Sample 
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As you can see there are is quite a large deviation below the critical angle. Other warp shapes produce different effects on this plateau region. In the correction methods that follow, I will be focusing on the reflectivity in this region mainly because we know that this region should be flat 
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The first method of correction that I pursued is creating a piece of software that corrects for detector scan widths. I wrote an application in python that takes the detector scans, and corrects the reflectivity data.



Software Correction 
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The program first takes as input several detector scans taken at different angles. It then fits the detector scans to Gaussian curves and determines their width.



Software Correction 
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The program then arranges the width of the detector scans as a function of incident angle



Software Correction 
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Then the program fits the relationship between detector scan width and angle as shown on the top graph. The width-theta function is divided by the width of the incident beam to obtain the correction factor. The raw reflectivity curve is multiplied by this correction factor and displayed in red on the bottom.



Uncorrected Sample 

Width Corrected Sample 

Theoretical Curve 

Reflectivity Curve 
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Let’s take a closer look at the plateau region for the curves. The pink dots are the data, and the solid line is the theoretical curve. The uncorrected data diverges quite a bit from the theoretical plateau region near the edge. After correcting for the widths with my software, the data follows the theoretical curve much more closely.



Uncorrected Reflectivity 
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Now if we compare the curves of different orientations of the same sample, we see that they diverge from each other quite a bit.



Corrections Converge 

Width Corrected Curves 

Uncorrected Curves 
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However after using the width correction, the two orientations of two different warps converge. This suggests that the software correction is working as intended.
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The next method that we tried to correct for warp with is a vacuum sample holder to physically flatten the wafer.



Vacuum Correction 
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I designed a sample holder that essentially pulls the wafers flat using vacuum. Basically a piece of quartz was polished to be very flat, approximately a variation of .8 microns over the entire surface. This is about a thousandth of the thickness of the wafers we use, and a hundredth of the thickness variation in the wafers that we use. Then holes were drilled through the quartz. The vacuum is pulled through the holes to pull the wafers down to the flat surface.



Uncorrected Sample 

Vacuum Corrected Sample 

Software Corrected Vacuum Flattened Sample 
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The vacuum corrected sample does in fact bring the reflectivity closer to the theoretical curve. However, it also introduces these oscillating features before the critical edge. I tried putting the data through the software width correction, and found that the features are still there. After taking a closer look at the detector scans we found that the not only were the gaussian curves changing in width, they were also shifting. This is most likely caused footprint effects in conjunction with lip like features on the end of the wafer. We believe that correcting for the shift will fix these extra features.
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The final method which I investigated was changing to compensate for warp.



Slit Modification 

 In cases where the sample increases the spread of the 
beam, the detector can be opened up to read a larger 
spread of angles. 

Detector 
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So when a sample is defocusing, the reflected beam increases in divergence. So to compensate for this effect, we can open the slits on the detector to capture information from a wider range of angles.



Uncorrected Sample 

Sample Measured with Widened Slits 
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What we find is that the data after opening up the slits is very close to the theoretical curve, and it does not show the same oscillating features that the vacuum sample holder shows.



Discussion 

Pros Cons 

Software Very good correction Many measurements 

Vacuum Sample Holder Simple to implement Introduces extra 
features 

Wide Slits Simple to implement Decreases resolution 
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In conclusion, we found that the software correction that I programmed works well, but that the sheer number of detector scans required may deter users from implementing it unless their sample is very badly warped. The vacuum sample holder is very easy to implement, the user simply places the sample on the holder, turns on the vacuum and takes measurements as normal. However the extra features that it introduces may become an issue with fitting. Widening the slits also works very well, and requires little effort on the users part. However, opening up the slits to read a wider range of angles means that the resolution is decreased. A combination of these methods to correct for warp can be implemented depending on the users situation.



Future Work 

 Machine different  attachments to the vacuum system to 
allow for the use of samples of different sizes 

 Investigate the source of the oscillation features in the 
vacuum corrected sample 

 Detailed characterization of the x-ray beam for a better 
warp correction 
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