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Abstract Plasmonic diffraction technology for silicon image sensor is reviewd, which increases near-infrared (NIR) 
sensitivity. To overcome the poor NIR absorption in silicon without the silicon thickness increase, the metal grating is 
formed on the entrance surface. At the quasi-resonant condition, the reflectance is still small, and the incident light is 
emitted into the silicon with large diffraction angle. The diffracted light travels back and forth between high reflective 
DTIs (deep trench isolation). The effective light trace (ELT) is extended by the light confinement in a pixel. Ag, Cu and 
Al is suitable for DTI material for high reflectance and DTI width shrinkage. The resonant chamber effect is shown, 
which enhances the absorptance. In simulation, absorptance in 3.25 μm-thick silicon was increase to 47 % by these 
technologies. 
  
To enhance specific 
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1. Introduction 
  Plasmonic diffraction technology for near-infrared (NIR) 
sensitivity improvement are explained, based on these 
papers [1-5]. This method’s target applications are ToF 
(time of flight), night monitoring, biometrics. Laser or 
LED (light emitted diode) of 940 nm or 850 nm wavelength 
are usually applied for illumination (Slide 4, 5). For 
automobile application, 940 nm is mainly used because 
human eye cannot detect it, and the sunlight power is rather 
small. However, there still exists a large background of the  
sunlight. Therefore, it is preferable that sensitivity 
increases only for specific wavelength. Then, background 
light influence is suppressed to some extent. 
  However, there is a serious problem for NIR imaging, 
which is the poor sensitivity due to the poor absorption in 
silicon (Slide 6) [6]. When the wavelength becomes longer, 
the absorption becomes drastically smaller. The Si 
absorption coefficient at 940 nm wavelength is 2-decade 
smaller than that of 450 nm and is 1-decade smaller than 
that of 700 nm. To realize 50 % absorptance, 38 um Si 
thickness is needed for 940 nm. Although the absorption 
becomes improved if the Si thickness is increased, there are 
difficulties; one is deep and narrow DTI (deep trench 
isolation) process. Another is epitaxial defects. Thirdly, 
even if deep photodiode dopant profile is optimized using 
high energy ion implantation, the vertical electric field 
remains small (Slide 7).  

To increase Si absorption without Si thickness increase, 
the approaches which increases effective light trace (ELT) 
were proposed (Slide 8). The incident light is bent by 
various methods at the entrance of the silicon, refraction by 
pyramid array [7, 8], scattered by scatterer [9,10], and 
diffraction by poly-Si grating [11]. The bent light is 
reflected on the DTI. Then, the ELT is increased and the 
absorptance is also increased. As a result, NIR sensitivity 
is enhanced. 
 
2. Plasmonic diffraction under quasi-resonant 
condition 
  We proposed plasmonic dffraction under quasi-resonant 
condition [1-5]. metal grating is located on the entrance 

surface of BSI image sensor, as shown in Slide 10. At the 
resonant condition, the reflectance becomes minimum, and 
the incident light is diffracted at 90 degree. At the quasi-
resonant condition, the reflectance is still small, and the 
incident light is diffracted nearby 90 degree and is emitted 
into the Si. High reflective DTI, using Ag, Cu and Al, is 
also recommended for light confinement.   
  The diffraction angle is determined by the equation, as 
shown in Slide 11. l is diffraction order, nSi is the real part 
of refractive index for Si, p is grating period. Two cases 
were studied;  One is Case I, which includes only 1st-order 
diffraction. The other is Case II, which includes 1st-order 
and 2nd-order diffractions. The figures in Slide 11 are 
electric field intensity distributions after optimizing the 
grating dimensions by maximization of the absorptance. 
Although the spaces of the grating were much smaller than 
the wavelength in both cases, normal incident light was 
diffracted and was conducted into Si.  

The table in Slide 12 compares between Case I and Case 
II. The optimized Ag grating dimensions are obtained for 
6.5 um pixel size. In Case I, the space is only 35 nm, which 
is small for backside process. In Case II, the space becomes 
150 nm, which is sufficiently large. Eventually, both Case 
I and Case II showed good Si absorptance. However, Case 
II has disadvantage for pixel shrinkage because several 
grating lines might  be needed in a pixel. 

Electric field distribution, Si absorption, Ag grating 
absorption, Ag DTI absorptiion, reflectance etc. are 
calculated using FDTD (Slide 13). Ag is selected as grating 
and DTI metal because Ag has the lowest absorption loss 
around 940 nm. DTI width is 180 nm, and the protection 
SiO2 covers Ag grating. PML, perfectly matched layer, 
surrounds the pixel. 

The electric field intensity distributions for Case I and 
Case II were obtained, as shown in Slide 14. Normal 
incident light was diffracted to theoretically 81 degree in 
Case I and 85 degree and 30 degree in Case II. 0th-order 
diffraction seemed small. In enlarged figures, electric 
multipoles were seen in the Ag grating, and they generated 
diffracted light toward Si. The light consumption ratios are 
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shown in Slide 15. Both showed large diffraction 
efficiencies, 50 % and 46 % and low reflectance 7 % and 
2 %, respectively. Therefore, both cases have sufficient 
potential for NIR absorption improvement. 
  
3. Requirement for DTI 

Next, the necessity of high reflective DTI is explained. 
DTI between pixels reduces both electron-diffusion 
crosstalk and optical crosstalk. It also contributes to the Si 
absorption increase by light confinement. However, DTI 
does not directly contribute to sensitivity. Therefore, the 
shrinkage of DTI is required. Hereafter, the requirements 
for DTI are studied [1,5]. 

As seen in Slide 17, the bent light is reflected by DTI 
with a loss of 1-R. R is the reflectance of Si/DTI interface. 
ELT becomes a geometric series and is proportional to this 
equation. k is the number of reflections. The right figure 
shows the ELT dependence on reflectance for various k. 
When reflectance is smaller than 0.8, ELT does not 
increase even if k increases. When reflectance is larger than 
0.8, ELT rapidly increases with k. Therefore, it is preferable 
that reflectance is larger than 0.8. 

Reflectance contours of normal incident to DTI for 
combination of nDTI and kDTI is shown in Slide 18. The 
reflectance for normal incidence is given by this formula. 
nSi and kSi are real part and imaginary part of the refractive 
index of Si. nDTI and kDTI are those for the DTI material. The 
horizontal axis indicates nDTI, while the vertical axis 
indicates kDTI. Wavelengths are 1100nm and 800 nm. There 
is little difference between them. When kDTI increases and 
nDTI decreases, reflectance increases, as indicated by the 
red arrow. The green circles point various materials’ 
indexes at 940 nm wavelength. Ag, Cu, Au, and Bi achieve  
more than 0.9 reflectance. Al has 0.76 reflectance. 

To compare SiO2 DTI with metal-filled DTI, incident 
angle dependence of reflectance is shown for various DTI 
width in Slide 19. SiO2 DTI has low reflectance below the 
critical angle. Even over the critical angle, the reflectance 
is significantly reduced as DTI width decreases because of 
evanescent light penetration. Various angle light is 
generated in the pixel  because the pixel shape is not 
simple. The vertical transfer gate is an extreme case. 
Therefore, SiO2 DTI is not suitable for both optical 
crosstalk suppression and light confinement. In contrast, 
Ag and Cu constantly keep high reflectance for all incident 
angle. 

Slide 20 shows DTI width dependence of reflectance 
and transmittance. Dashed line indicates the case where 
5nm-thick Al2O3 layer exists between Si and DTI material. 
Real line indicates the case without Al2O3. Thin Al2O3 
layer can be neglected from optical perspective. 
Reflectance decreases below 50 nm width even for metal 
filled DTI. To maintain more-than-90 % reflectance, Ag 
width of 38 nm and Cu width of 53 nm are required. 40 nm 
width is needed for Al to keep more than 75 % reflectance. 
Transmittance exponentially decreases as the width 
increases. To maintain less-than-5 % transmittance, DTI 
width of 35 nm for Al, 50 nm for Ag, and 55 nm for Cu are 
required. DTI width shrinkage is limited even for metal 
DTI. Still, Ag, Cu, and Al are suitable for high reflective 
DTI.     

 

4. Resonant-chamber-like pixel 
In this section, concept of resonant-chamber-like pixel 

is introduced. 
More realistic situation was simulated, which has PMD 

SiO2 under Si and Cu reflector (Slide 22). The Si thickness 
is 3 μm in Case I, and 3.25 μm in Case II. PMD SiO2 
thickness is 800 nm. The first Cu wiring layer is applied for 
the reflector. Slide 23 shows the simulation results for Case 
I. The absorptance in Si is increased from 7 % to 31 % 
when Ag grating is attached. Resonant patterns are clearly 
seen in both x and z directions. However, bad news is that 
large reflection is still observed due to the decoupling of 
the reverse light. Propagation angle, θ, is calculated from 
the number of anti-nodes, mx and mz, by this formula (Slide 
24). Here, kx and kz are wave numbers, and lx and lz are the 
size of Si. The obtained θ is 80 degree, which has a good 
agreement with theoretical diffraction angle , 80.6 degree. 
Therefore, the incident light was really diffracted to 80 deg. 
and was propagated at 80 degree. Slide 25 explains the 
mechanism of the decoupled light generation. The 
diffracted light travels in Si, reflecting on DTI. Then, the 
light is total-reflected on the Si/SiO2 interface at the bottom 
and propagates at the reverse pass. The reverse light has the 
same angle as the diffraction angle θd. Decoupled light is 
generated by surface plasmon resonance at the metal 
grating. Therefore, large reflection is still observed. 

Slide 26 shows Case II results. The resonant patterns are 
not so clear because there are both 1st-order and 2nd-order 
diffractions. However, the numbers of anti-nodes can be 
counted. The absorptance in Si is also much increased to 
47 %, which is better than that of Case I. Reflectance of 
Case II is much smaller than that of Case I. Larger 
absorptance and smaller reflectance are because the 
electric field distribution is more complicated, and the 
decoupling at the grating might be smaller. 

The graph in Slide 27 shows DTI span dependence of 
absorptance for Case I. There is no bottom SiO2 and Cu 
reflector in this simulation. Therefore, resonance occurs 
only in x direction. Absorptance sinusoidally oscillates 
with a period of 268 nm of DTI span. The period is nearly 
equal to the wavelength in Si. Resonant pattern is clearer 
when the absorptance is larger. The graph in Slide 28 
shows Si thickness, lz, dependence of absorptance and 
reflectance. Absorptance and reflectance periodically 
oscillate with Si thickness. When Si thickness is 3.25 um, 
absorptance exhibits a peak, and the resonant pattern is 
clearer. On the other hand, when Si thickness is 3 um, 
absorptance exhibits a dip, and the resonant pattern is not 
clear. Anti-node number in z-direction for each peak is 
incremented by one. According to these results, resonant 
chamber effect affects absorptance. To achieve resonant 
chamber condition, diffraction angle, θd, should be 
optimized for each pixel size by tuning the grating period.  

 
5. Conclusions 
  To enhance specific wavelength sensitivity, we proposed 
plasmonic diffraction technology, which achieves large 
diffraction angle and large diffraction efficiency. High 
reflective DTI is indispensable for light confinement in the 
pixel. Cu, and Al are preferable for high reflective DTI. 
Although they are advantageous for DTI width shrinkage 
compared with other material, there exists limitation of 
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DTI width shrinkage from the optical aspect. The metal 
grating, high reflective DTI and the bottom reflection can 
make a resonant chamber. The resonant state enhances the 
absorption in Si. 

In simulation, absorptance in 3 μm-thick-Si was 
increased from 7 % to 31 % in Case I. In Case II, 47 % 
absorptance is obtained in 3.25 μm-thick Si. 
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