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Abstract— This paper presents results of 3D finite-

difference-time-domain (FDTD) simulations for predicting 

Near Infrared (NIR) Quantum Efficiency (QE) of 

complementary metal oxide semiconductor (CMOS) image 

sensors.  JMP statistics software [1] and Lumerical FDTD [2] 

simulation software were used to setup and analyse a Central 

Composite Design (CCD) design of experiment (DOE) with 

factors of pixel pitch varying from 1.5um to 3.5um, epitaxial 

silicon substrate thickness varying from 3um to 8um, and 

number of inverted pyramids per pixel varying from 1 to 36.  

NIR QE at wavelengths of 850nm and 940nm is predicted and 

compared to products on the market.  Factors to further 

increase NIR QE are also discussed.   

Keywords—near infrared, quantum efficiency, inverted 
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I. INTRODUCTION 

Near Infrared (NIR) quantum efficiency (QE), specifically 
at wavelengths of 850nm and 940nm, is becoming 
increasingly important in CMOS Image Sensors (CIS).  The 
need for enhanced NIR QE is driven by multiple markets: the 
security market wants to reduce the power consumption of 
active light emitting diodes (LED) illuminants; the automotive 
market wishes to employ NIR in-cabin monitoring for driver 
awareness, and aid in advanced driver assistance systems 
(ADAS) detection of objects at night; the industrial market 
wants NIR for automated inspection with enhanced contrast 
under low-light conditions and improved spectral information; 
and the consumer markets need NIR for facial recognition, 
depth detection, and internet of things (IoT). The current NIR 
QE of standard CMOS image sensors (~3um epitaxial silicon 
thickness) without any NIR enhancement structures is 
18%/9% at 850/940nm respectively, but NIR QE of up to 
60%/40% at 850/940nm is now needed to stay competitive, 
with QE of 70%/50% at 850/940nm desirable.  

To keep manufacturing costs low, silicon remains the 
substrate of choice, compared to Germanium or III-V 
substrates. Silicon substrate enables the use of existing CMOS 
manufacturing techniques. However, silicon is an indirect 
bandgap semiconductor and has a weak absorption coefficient 
of <0.1 um-1 in wavelengths >800nm.  This means the Si 
thickness needs to be at least 23um thick to achieve 70% QE 
at 850nm wavelength, and 38um thick to achieve 50% QE at 
940nm wavelength as shown in Fig.1.  Current costs and 
manufacturing make such a thickness impractical, especially 
for backside illumination (BSI) image sensors. This means a 
solution beyond simply increasing the silicon substrate 

thickness must be utilized.  NIR light scattering structures are 
a way to effectively increase the absorption path length.   

 

Fig. 1. Photon Absorption at silicon thicknesses of 3um, 6um, 23um, and 

38um (based on absorption coefficient data [3]) 

II. CMOS IMAGE SENSOR WITH NIR LIGHT SCATTERING 

STRUCTURES 

BSI has enabled integration of light scattering surfaces 
directly on the silicon surface where light enters the pixel. CIS 
manufacturers have increased NIR QE by incorporating light 
scattering structures like refractive inverted pyramids (IVP) or 
diffractive trenches on the silicon surface.  

A. Inverted Pyramids (IVPs) 

IVPs are formed using a wet etch process that follows the 
(111) crystalline plane of silicon.  This results in fixed 
relationship of pyramid width and height, and an etch angle of 
~54.7° when etched in a (100) silicon surface.  Because the 
wet etch slows on the (111) silicon crystal plane, the 
orientation of the wafer notch relative to the crystal orientation 
is important to consider.  Depending upon the wafer notch 
orientation relative to crystal orientation, an IVP will etch with 
walls parallel to the pixel (square) if the notch is at <110> 
direction, or with pyramid walls at an angle to the pixel 
(diagonal) if the notch is at <100> direction.  This can impact 
the pyramids layout and scattering effectiveness.  

B. Diffractive Trenches 

  Diffractive trenches are formed with a dry etch process 
during backside processing and are typically ~100-200nm 
wide with a depth of 400-1000nm.  A dry etch requires an 
annealing to reduce the damage to silicon surface during the 
dry etch.  The geometry is largely guided by subwavelength 

 
 



 

 

diffractive physics.  The geometry and layout of trenches are 
not limited by the crystal orientation like IVPs.    

C. Other relevant structures 

Other structures such as microlens, color filter array 
(CFA), anti-reflective coating (ARC) films, backside or 
frontside trench isolation (BDTI/FDTI), and metal structures 
and circuitry can impact NIR QE as shown in Fig. 2.  These 
other structures can lead to further optimization of NIR QE.  

Table 1 shows a sample of NIR enhanced CIS with a 
variety of pixel pitches, silicon thicknesses, and NIR 
scattering structures. When considering the design of an 
image sensor, it would be helpful to be able to estimate what 
NIR QE to expect. Comprehensive three-dimensional Finite-
Difference-Time-Domain (FDTD) simulations along with 
design are used to model NIR QE response as a function of 
pixel pitch, silicon thickness, and IVP layout. 

III.  SIMULATIONS 

3D Finite-Difference-Time-Domain (FDTD) optical 
simulations using Lumerical [2] software with relevant 
geometry and material properties is used to simulate NIR QE.     

The importance of how NIR scattering structures play a 
role in NIR QE can be seen in Fig. 3 which shows the QE 
results of a 3D FDTD simulations for an image sensor with 
2um pixel pitch, 6um silicon thickness, and 4um backside 
deep trench isolation (BDTI).  The simulations include results 
for no NIR scattering structures, IVP in a diamond 
configuration, IVP in a square configuration, and trenches in 
a ‘star’ configuration. 

 

Fig. 2. 3D FDTD simulation cross-section with important structures for 

NIR QE 

 

 

Fig. 3. Simulated QE for 2um pixel pitch, 6um Si thickness, 4um BDTI 

depth with various light scattering structures 

IVPs and trenches can have similar NIR QE performance.  
It can be seen from Fig.3 that an IVP oriented in a diamond 
configuration (1D), and trenches in a star pattern have similar 
NIR QE.  However, if the pyramid is etched in a square 
configuration (1S) then NIR QE increases due to more light 
entering the pyramid and being scattered more effectively.  
This study will focus on IVPs in a square orientation.   

IV. DOE AND RESULTS 

JMP software is used to develop a modified Central 
Composite Design (CCD) design of experiment (DOE) with 
factors of pixel pitch (1.5um to 3.5um), NIR layout (1 to 6 
IVPs per pixel side), and silicon thickness (3 to 8um).  Fig. 4 
shows the DOE values with the simulated NIR QE results, and 
illustrations of how IVPs are laid out.   

TABLE I.  SAMPLE OF  IMAGE SENSORS WITH NIR SURFACE SCATTERING STRUCTURES 

 Sony 

IMX332[4] 

SmartSens 

SC5035 [4] 

OmniVision 

0S05A20 [5] 

OmniVision 

OS02C10 [4] 

Samsung 

(Conference) [6] 

Sony 

IMX462 [4] 

onsemi 

AR0830 [7] 

Date 
Announced/Published 

2017 2017 2018 2020 2020 2021 2022 

Pixel Pitch (um) 1.12 2.0 2.0 2.9 2.3 2.9 1.4 

Si Thickness (um) 3.5 2.4 3.6 6 8 6 6 

BDTI depth (um) 2 (backside) 1.6 (backside) 2.1 (backside) 4 (backside) 8 (frontside) 2 (backside) 4 (backside) 

NIR type IVP IVP Trenches IVP Trench-Star IVP IVP 

NIR Width (nm) 400 770 160 580 170 400 900 

NIR Depth (nm) 236 545 410 360 1000 236 636 

# NIR Structures per pixel 4 4 9 16 1 36 1 

 



 

 

  

Fig. 4. a) Modified Central Composite Design of Experiment with results 

of NIR QE. b) NIR pyramid layout 

A least squares fit analysis was run in JMP to determine 
the important factors.  Fig. 5a shows the important factors (p-
value <0.05) are pixel pitch, silicon thickness, NIR_layout, 
and the interaction term of pixel pitch and NIR_layout.  The 
prediction profiler and interaction profiles as shown in Fig. 
5b,c can be used to estimate NIR QE with pixel pitch, number 
of NIR pyramids, and silicon thickness as inputs.   

In general, the following observations can be made: 

1)  NIR QE increases linearly with pixel pitch. This is to be 

expected as absorption path increases due to lateral 

scattering of light.   

2)  Single large pyramids are preferred over a greater 

number of smaller pyramids.  As the width of pyramid 

increases it becomes easier to focus into the pyramid 

and more light is effectively scattered.  Pixel pitch plays 

a role in the practical size and layout of IVPs. 

3) As expected, NIR QE increases with silicon thickness. 

For example, given a 2um pixel pitch and four IVPs, 

the expected QE@940nm for 3um Si thickness would 

be 29%, and for 6um Si thickness QE@940nm would 

be 36%.  For a target of 40% QE@940nm then 7.4um 

of Si thickness would be needed. 

 
In this study the microlens size and shape was a fixed 

function of pixel pitch.  Further NIR QE improvement is 
possible by optimizing the microlens for each specific pixel 
pitch and NIR layout.  

V. CONCLUSIONS 

3D FDTD simulations and DOE can provide guidance and 
insight when estimating NIR QE for an image sensor for a 
given pixel pitch, NIR layout, and silicon thickness.   
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Fig. 5. A) Least squares fit. b) prediction profiler c) interaction profiles for 

NIR QE based on pixel pitch, NIR layout, and silicon thickness 
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