Optical Crosstalk in CMOS Image Sensors
Introduction
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	Fig. 1.  Illustration of the three types of crosstalk in a CMOS image sensor.


Methods

Finite-Difference Time-Domain (FDTD) Simulation

To simulate the propagation of light inside the image sensor, we used Finite-Difference Time-Domain (FDTD) simulation.  FDTD is well-suited for simulation of the behavior of light on a sub-wavelength scale, a regime where diffraction and other complex phenomena dominate.  Given a layout, material parameters (refractive index), and a light source, this technique explicitly solves Maxwell’s equations for electric and magnetic fields at finely spaced (~10 nm) grid points.  It then moves forward in time by a very small amount (~10-17 sec, about the time it takes light to travel a few nanometers) and solves the equations again using the previously solved values.
After a number of time steps deemed sufficient for convergence to a steady-state solution, the energy flow, known as the Poynting vector, is computed and displayed as in Figure 2.  In addition, the power flux falling on an arbitrary surface, such as the active pixel area, is calculated.  The construction of the FDTD layouts and display of the Poynting vector with the pixel structure outlined was facilitated by Matlab scripts that Chris had written in the course of his research assistantship.
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	Fig. 2. A sample FDTD result, showing the magnitude of the Poynting vector in the vertical direction as a function of position in the pixel.  The pixel layout was adapted from the scanning electron microscopy (SEM) image from Rhodes [1].


FDTD Pixel Simulation
The specific software package that we used, OptiFDTD, is capable of full three-dimensional simulation, but processing time restricted our work to two dimensions.  The particular type of FDTD simulation we used was continuous wave, meaning that only one wavelength of light is used.  Since each simulation was at a specific wavelength, we restricted our work to three wavelengths representative of the color filters in a CMOS image sensor: 450 nm (blue), 555 nm (green), and 650 nm (red).  This also means that we only needed to know the materials’ characteristics at these wavelengths, although we sacrifice knowledge about the behavior of the image sensor at the in-between wavelengths.  We obtained refractive index data for some materials from Palik [2] and made approximations for others.
Since we worked in two dimensions, the simulations are a cross-sectional approximation of an actual pixel.  Given that we are modeling a finite area, it is important to define the simulation behavior at the edges of the domain.  In the direction parallel to the image sensor plane, we used periodic boundary conditions that would effectively “wrap around” any electromagnetic wave to the other side.  In the direction normal to the image sensor plane, we set absorbing boundary conditions so that light that was incident on these edges would leave the domain.
Even with a robust simulation tool, the evaluation of crosstalk is not straightforward because it is impossible to separate the light that is intended for one pixel from the light intended for another pixel.  While it is simple to restrict the incoming light to the width of a single pixel, the wave will quickly spread out due to diffraction.  As a result of tests done by Chris during his research assistantship, it was decided that strongly absorbing “black” color filters would be used as the color filter of the neighboring pixel.  While diffraction would still occur after the color filters, it would be less drastic and take place further down the optical path, reducing its influence.
Pixel Structure

The pixel structures were made to be generic representations of current examples in literature.  Although the structure has been significantly simplified, the overall optical characteristics of the pixel are the same.  The pixel, as laid out in OptiFDTD, is shown in Figure 3 and described below.
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	Fig. 3. Two-pixel structure as defined in OptiFDTD.  Note the different shades of the color filters of the pixels.


The light first travels through air (n = 1) and enters a spherical microlens of refractive index ≈ 1.6.  Below the lens is a silicon dioxide (n ≈ 1.46) layer that acts as a passivation layer.  Next is the color filter layer that varied according to the simulation, although for simplicity, it is always the same thickness.  Below this is a silicon nitride (n ≈ 2.0) passivation layer, followed by the thick silicon dioxide interlayer dielectric (ILD).  This layer would normally contain several layers of metal interconnects, but they were omitted due to wide variations in metal layouts among designs, as well as their unpredictable electromagnetic effects.  At the bottom of the pixel is the silicon (n ≈ 4.0) substrate where the incident light is converted into electrical current.
To more precisely reproduce the characteristics of a real CMOS image sensor, where pixel circuitry often occupies a significant portion of the pixel space, we limited the light collecting area of the silicon substrate.  This is represented by the fill factor of a design, which is the fraction of the pixel area dedicated to collecting light.
Detailed Methods for Spatial Crosstalk Reduction
For simulations of the crosstalk reduction methods, the 1.75 µm pixel pitch was chosen as a technology node when optical crosstalk limits the performance of the sensor and the proposed methods may first be implemented.  To limit the number of simulations necessary, all tests were at 650 nm (red) light.  It was expected that this part of the visual spectrum would have the worst crosstalk problems due to increased diffraction at longer wavelengths.  The active (light-collecting) portion of the silicon substrate was limited to the center 1.2 µm of the pixel, a fill factor of 47%.  To provide parity between each light guiding design, the space above the remaining 0.55 µm was reserved for metal interconnects, although they were not included in the design for reasons discussed earlier.

For simulations where light enters normal to the image sensor, a two-pixel layout was used, one pixel with a red filter, the other black.  Taking the periodic boundary conditions into account, this mimics a structure of an infinite line of alternating red and black pixels.  Unfortunately, two-pixel simulations for angled incidence were not satisfactory due to the non-ideal behavior of the periodic boundary conditions for off-axis light.  For this reason, simulations of off-axis incidence were done using a four-pixel periodic structure and the results for each pixel type (intended or unintended light recipient) represent the average value of the two pixels.  Previous simulations have shown that the results for on-axis two- and four-pixel simulations are nearly identical, so the comparison between the two is sound.  In the interest of time, the two-pixel on-axis simulations were performed with 5 nm grid spacing, while the four-pixel off-axis simulations used 10 nm grid spacing.
For off-axis simulations it was necessary to laterally shift the microlenses and color filters to guide the light onto the correct photodiode.  This is done in real image sensors as well.  The optimal shift was approximated through several trials and kept constant for all the light guiding simulations, except for the reference pixel, which required a larger shift.

A total of six different pixel designs (including a baseline reference design) were simulated at three angles (0, 15, and 25 degrees) to observe the performance of the crosstalk prevention methods.  In the following sections, we will give a short overview of total internal reflection (TIR) and its implications for these designs, discuss each design individually, and then follow with a performance comparison between the techniques.
Total Internal Reflection
In order to understand how two of these techniques function, it is necessary to mention total internal reflection.  When light is incident on a material interface, it is refracted at an angle according to Snell’s law:

	

	
[image: image4.wmf]2

2

1

1

sin

sin

q

q

n

n

=


	(1)


When going from a high refractive index material to a lower one, there is an angle above which the light is reflected instead of refracted; this is called the critical angle.  Using simple geometry, we can calculate the expression for the incident angle below which light will undergo TIR (here defined as the angle measured from the normal of the image sensor plane) as
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According to this equation, plotted in Figure 4, a higher index contrast (defined as 
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 so it is always greater than one when TIR is possible) yields a higher maximum incidence angle for TIR, which we would like to make as high as possible.  This equation is very sensitive to even a small index contrast, as shown by the sharp rise in TIR angle as the index contrast increases.
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	Fig. 4. Relationship between the maximum angle of incidence for which TIR occurs and the index contrast.


Air Gap

This technique to confine the incident light relies on TIR at the boundary between the ILD, in this case silicon dioxide, and an air void that is formed at the edge of the active pixel area.  This method has been recently demonstrated in literature [3-6] by engineers at the Taiwan Semiconductor Manufacturing Company (TSMC), who found that it could significantly increase light transmission and reduce crosstalk.  A SEM image of one of their test structures is shown in Figure 5(a) and an illustration of the air gap concept is shown in Figure 5(b).
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	(a)
	(b)

	Fig. 5.  SEM image (a) and illustration (b) of the air gap concept, courtesy of Hsu et al. [3] Note the space in between the air gaps to allow the metal interconnects to run through the structure.  AGGR stands for Air Gap Guard Ring.


The benefit of such a design is two-fold.  First, light inside the pixel light tunnel at an angle less than the critical angle of the oxide-air interface should be reflected and land on the photodiode.  Second, any light that does not undergo TIR at the oxide-air interface is refracted at a more vertical angle, meaning that it will travel less distance laterally and have less likelihood of reaching the active area of the adjacent pixel.  Given an index contrast between silicon dioxide and air of 1.46, we would expect a critical angle of over 46°, more than sufficient for most sensors.  In real situations, this air gap would have a rounded shape, but was approximated as rectangular for simplicity.

The air gaps are formed by selectively etching away a nearly vertical line of oxide where the air gaps should be.  Then a film is deposited on top that pinches off the hole and seals the air gap.  While this seems simple, the process is quite difficult and care must be taken to ensure that other materials do not reside in the voids.
Other than the spacing of the air gaps, which was preset for this study to keep the comparison between the techniques fair, there is the additional degree of freedom of the width of the gaps.  For very narrow air gaps, it is possible that light may “leak” through the gap even when it should be reflected.  To test this effect, two air gap widths of 0.1 µm and 0.2 µm were simulated.

Light Guide

The light guide method operates on a principle very similar to the air gap method.  Instead of creating a low-index area between the pixels, the refractive index of the pixel center material is increased.  This technique has been recently explored [7] by the same group at TSMC with some success, although the limited index contrast achieved (1.02) would only cause TIR for angles less than about 10°.
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	(a)
	(b)

	Fig. 6.  Illustrations describing the benefits of TIR (a), where light is prevented from leaving the intended pixel, and refraction (b), where the lateral travel of non-reflected light is reduced, for the light guide method.  Courtesy Hsu et al. [7]


This structure is formed by simply etching away the material over the active pixel area and depositing a higher-index transparent material.  The main difficulty here is that the replacement material must satisfy several requirements.  First, it must be optically transparent, otherwise it will absorb light and the sensor light sensitivity will decrease.  Second, it must be electrically and mechanically compatible with the other materials.  Finally, it must have a refractive index high enough to promote TIR of a sufficient range of angles.  It is also important to consider that a change in refractive index of the light tunnel material will affect the optical properties of the pixel even for perfectly normal incidence.
Simulations were performed using two light guide materials with refractive indices of 1.6 and 1.8, corresponding to critical angles of 24.1° and 35.8°.  These represent cases where there is significant index contrast and no absorption.  The width of the light guide is equal to the width of the active pixel area (1.2 µm).
Metal Mirrors

This method represents a near-ideal case where mirrors reflect all incident light, regardless of incident angle, confining it to the pixel center.  The mirrors would be made of aluminum, the same material used for the metal wires.  There have not been any publications of this technique to date, which is not surprising given the potential difficulties in fabricating it, as well as adverse electrical and mechanical effects associated with a great amount of additional metal.
Simulations of the metal mirror technique used 0.1 µm thick walls of metal placed similar to the air gap layout.

Results/Discussion

Reference Pixel
As the Poynting vector plots show, there is a significant amount of diffraction that causes the light to spread out, even at normal incidence.  The spreading is amplified at off-axis incidence, as can be seen in Figure 8.  All Poynting vector plots have been enhanced to bring out detail; although it may appear that light is leaking through the black filter, the actual power is negligible.  Note that the transmission decreases and crosstalk increases significantly with increasing angle, even with a rough optimization of the microlens and color filter shift.
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	Fig. 7. Poynting vector plot for the reference pixel for normal incidence.
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	Fig. 8. Poynting vector plot for the reference pixel at 25° incidence.
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	(a)
	(b)

	Fig. 9. Transmission (a) and crosstalk (b) versus incident angle for the reference pixel.


Air Gap

The air gap results demonstrate a strong dependence on the thickness of the gap.  For the 0.1 μm void, there is a significant amount of coupling to the other side of the gap.  In the 0.2 μm case, there is less coupling, but the increased width of the gaps allows a smaller aperture for the light to enter.  The latter effect dominates at normal incidence, where the thinner voids have a higher transmission and lower crosstalk.  At an angle, however, the coupling through the gap is enhanced, leading to declining transmission and increasing crosstalk.  As Figures 11 and 12 show, the wider air gap is able to confine the light more efficiently and therefore performs better for off-axis incidence.
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	(a)
	(b)

	Fig. 10. Poynting vector plots for the 0.1 μm air gap (a) and 0.2 μm air gap (b) designs for normal incidence.
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	Fig. 11. Poynting vector plot for the 0.1 μm air gap design at 25° incidence.
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	Fig. 12. Poynting vector plot for the 0.2 μm air gap design at 25° incidence.
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	(a)
	(b)

	Fig. 12. Transmission (a) and crosstalk (b) versus incident angle for the two air gap and reference pixels.


Light Guide

The light guide designs show similar tradeoffs as the air gap designs.  At normal incidence, both suppress the crosstalk, but the n = 1.8 design transmits less light because its higher refractive index causes increased reflection, which was verified in the simulations.  For off-axis incidence, however, the higher-index light guide confines the light much more effectively, leading to vastly higher transmission and lower crosstalk.  The improved optical confinement can be seen in the Poynting vector plots by generally lower values outside of the light guide of the target pixel.
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	(a)
	(b)

	Fig. 13. Poynting vector plots for the n = 1.6 light guide (a) and n = 1.8 light guide (b) designs for normal incidence.
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	Fig. 13. Poynting vector plot for the n = 1.6 light guide design at 25° incidence.


	[image: image25.png]




	Fig. 14. Poynting vector plot for the n = 1.8 light guide design at 25° incidence.
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	(a)
	(b)

	Fig. 15. Transmission (a) and crosstalk (b) versus incident angle for the two light guide and reference pixels.


Metal Mirrors

As expected, the metal mirror design performed very well due to its ability to reflect light at any angle.  Aluminum is a very good reflector, as demonstrated by the lack of field penetration into the metal, so the loss in transmission at higher angles is not due to absorption but to light missing the top aperture.  As the results show, crosstalk is incredibly low, less than 0.03% for all angles.
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	Fig. 16. Poynting vector plot for the metal mirror design for normal incidence.
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	Fig. 17. Poynting vector plot for the metal mirror design at 25° incidence.
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	(a)
	(b)

	Fig. 18. Transmission (a) and crosstalk (b) versus incident angle for the metal mirror and reference pixels.


Comparison

Looking at the results, it is evident that the best solution for the on-axis case, the n = 1.6 light guide design, was among the worst performers at high angles of incidence.  The most robust crosstalk prevention methods, meaning those that performed well regardless of angle, were the high-index light guide and metal mirror designs.  Note that there is a wide range of transmission and crosstalk values among the different tests, especially for the 25 degree case.  It is also important to observe that some designs performed worse than the baseline in certain situations.
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	(b)

	Fig. 19. Plots of the transmission (a) and crosstalk (b) for all tested designs.


As a further comment on the methods tested, it is important to note that they were all based on reflection and not absorption.  While it would be feasible to deposit absorbing material to prevent crosstalk, the amount of light lost would be too great.  By pursuing methods which instead attempt to redirect the light, both transmission and crosstalk can be improved.
Conclusions

Given the current trend of constantly decreasing pixel size, it is certain that spatial crosstalk will become a major issue for future generations of CMOS image sensors.  In order to continue this size trend while maintaining image quality, optical design considerations must become more of a priority.  The designs surveyed offer the promise of increased light sensitivity and decreased crosstalk, although each requires significant changes to a process that has been heavily optimized to reduce costs.  As was expected, the best performers in this study, namely the high-index light guide and metal mirror designs, are the ones most difficult to fabricate.  More research is necessary to identify new high-index materials and fabrication processes that would provide reliable improvements with little added cost.  It is also important to consider the non-optical effects of these designs, which may include degraded mechanical and electrical properties.

While it may appear from the lack of publications on this topic that crosstalk mitigation is not being aggressively pursued, the relative lack in public information about these techniques is misleading because companies are very protective of their future plans in such a competitive marketplace.  It is expected that these crosstalk reduction techniques, or other novel ones, are currently being pursued and will be implemented in the near future.
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