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ABSTRACT 

 
Due to their low-cost fabrication process and high efficiency, silicon-based Complementary Metal Oxide Semiconductor 

(CMOS) image sensors are the reference in term of detection in the visible range. However, their optical performances 

are toughly degraded in the Near Infrared (NIR). For such wavelengths, Silicon has a small absorption coefficient, 

leading to a very poor Quantum Efficiency (QE). A solution to improve it is to implement structures like pyramids that 

are etched in the Silicon layer. This will lead to diffraction inside the photodiode, enhancing the light path and therefore 

the absorption. Using Finite Difference Time Domain (FDTD) simulations, we demonstrated a huge QE enhancement at 

940nm on real pixels, by implementing this kind of diffractive structures and we finally confirmed these results by 

characterizations. We obtained QE values up to 47% at 940nm for our 3.2µm pixel, corresponding to a gain of 2 

comparing to a pixel without any diffractive structures. We also measured the Modulation Transfer Function (MTF), to 

evaluate how this figure of merit is impacted by the addition of these structures. As expected, the MTF was degraded 

when we added these diffractive patterns but were still high looking at the values. We indeed demonstrated MTF values 

going up to 0.55 at Nyquist/2 frequency and 0.35 at Nyquist frequency. Looking not only at QE values but also at MTF 

ones, these are very promising results that could be used in many different NIR applications like face recognition, Light 

Detection and Ranging (LIDAR) or AR/VR. 
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1. INTRODUCTION 

To answer to a need in numerous new applications like face recognition or LIDAR, where light cannot be visible to the 

human eye, new CMOS image sensors working in the NIR have emerged. The principal problem with these sensors is 

the weak absorption of Silicon in this wavelength range (850nm to 1100nm). This is linked to the intrinsic nature of the 

Silicon bandgap (indirect), that will imply a weak absorption near the bandgap energy (1.12eV), which corresponds to 

the energy of a photon with a 1100nm wavelength. The first thing that comes in mind is therefore to replace Silicon by 

low bandgap semiconductors. However, it usually comes with strong dark current, temporal noise increase, process 

integration compatibility issues to standard semiconductor fabs (with III-V materials), and significantly higher 

fabrication cost. Another solution would be to create a Fabry-Perot cavity inside the pixel. Light would therefore bounce 

back and forth several times in the photodiode, enhancing its light path inside, and thus increasing the absorption. We 

can see an example of such so-called Resonant Cavity Enhanced photodiode (RCE) [1], where the cavity is formed using 

a Distributed Bragg Reflector (DBR) on one side and the air-Silicon interface on the other side. The problem here would 

be a process dispersion problem. With such Fabry-Perot cavities, we indeed see narrow interference peaks at the resonant 

wavelengths, which are dependent on the cavity and Fabry-Perot layers thicknesses as well as on the wavelength of the 

incoming light and the incident angle of the light. Thus, in order to have the interference peak at the wavelength of 

interest (940nm for example), we would need to match the right thicknesses of the different layers which is already too 

difficult to achieve perfectly and reproduce it on every pixel. Moreover, depending on the position of the pixel on the 

sensor, light is not coming with the same angle, so it would also add another problem. The last solution studied here is to 

use structuration. It consists in implementing microstructures etched in the silicon layer. We can see different ways of 

improving photon-material interactions by the use of this kind of structures [2]. We count numerous structures that can 

have different impacts on the performances of a photodiode. There are nanowires [3]–[5], nanocones [6], [7], nanoholes 

[8]–[10], nanopillars [7], [8], [11], pyramids [12]–[16], paraboloid structures [17] and many others [18]–[23]. These 



 

 
 

 

structures will help increase the absorption and therefore QE by two main phenomena. First, they will act as an 

antireflective layer, realizing a good matching between the incident material and the etched structures due to the gradual 

decrease of the effective index [7]. This will therefore limit reflection which is a big contributor of the lost signal in 

standard planar photodiodes. Secondly, they will diffract light inside the photodiode, resulting in an increase of the 

optical path inside the absorbing layer, and thus in an increase in absorption. Contrary to RCE, they are much more 

process compatible. Choosing pyramids, this structuration solution has been studied and some simulation and 

characterization results are presented. We can see other phenomena like Whispering Gallery modes [18], [21] that 

happen with some types of structure, but this will not be discussed further in this paper. 

 

2. STUDIED STRUCTURES AND TOOLS 

As mentioned before, we chose to study pyramids here. We can also realize trenches, with a dry etch process, but it was 

not of best interest in our case for the type of pixel that we have studied. Moreover, being realized by anisotropic wet 

etch, pyramid structures avoid having the Silicon surface exposed to plasma. An oxide layer is indeed first deposited on 

the Silicon, acting as a hard mask. We then pattern this hard mask by lithography, before etching the Silicon by wet 

chemistry that can be based on KOH for example. When applying it on a c-Si (111), it will indeed etch pyramids with a 

54.7° angle between the (111) and (100) crystallographic planes. Then, the hard mask is removed by a selective wet etch 

using HF. Finally, antireflective layers are deposited on the silicon and an oxide is used for planarization. Two SEM 

images of a trench (Figure 1.a ) and a pyramid (Figure 1.b) realized at STMicroelectronics are shown in Figure 1. 

 

Figure 1. SEM images of a. a trench using dry etch process and b. a pyramid using wet etch process. The different layers are 

highlighted: Si (Silicon), ARC (Anti Reflective Coating) and Planar (Planarization layer) 

      

These pyramids along with the entire pixel are fully reproduced in a Finite Difference Time Domain (FDTD) solver [24], 

in order to simulate the electromagnetic fields inside the pixel [25], [26]. This allow us to access numerous data like the 

one of interest here, which is the absorption in the Silicon layer. The parameter that we want to measure is the QE, which 

is equal to the ratio between the number of incoming photons over the number of collected electrons. Here, we did not 

perform a coupling between the optical and electrical simulations [27], so we cannot access the number of collected 

electrons but only the number of photogenerated ones, which is the absorption. In the next part, by convenience, we will 

only talk about QE even for simulation results, but the real simulated results are the absorptions. 

These structures were then reproduced on Silicon, to perform some characterizations. First we did QE measurement to 

compare with simulated results. Our sensor is illuminated by a uniform diffuse light at 940nm with a ±7.5nm spectral 

dispersion. We indeed use an halogen source linked to a monochromator to obtain the wavelength of interest. It is then 

coupled into an integrating sphere to obtain a uniform illumination and we set a f/2 f-number as generally used. We 

recover the signal from all the different pixels of the sensor, to finally obtain the QE. We also did MTF measurements. 

As mentioned, when using these structures light will be diffracted enhancing the light path inside the photodiode. 

However this will also increase crosstalk. Some photons will indeed go through the Deep Trench Isolations (DTI) 



 

 
 

 

separating two pixels and be absorbed in the wrong pixel. This will degrade our image. So, this is also an important 

parameter that needs to be considered. The MTF of the sensor will be degraded if the crosstalk increases. It indeed 

indicates how the modulation of a sinusoidal variation of intensity is reduced, depending on its spatial frequency. An 

illustration of a typical MTF curve is shown in Figure 2 along with the input pattern projected on the sensor and its 

output response according to the spatial frequency. Because these modulated patterns are not easy to produce with 

accuracy, we instead use the slanted edge method [28] to characterize the MTF of our sensors. It consists in projecting a 

black and white transition onto the sensor with a small angle (typically 5°) with respect to the vertical (respectively 

horizontal) direction of the sensor if the horizontal (respectively vertical) MTF is measured. Thanks to the tilt of the 

target transition we can recover the oversample response of the sensor called the oversampled Edge Spread Function 

(ESF). We then derive this function to obtain the Line Spread Function (LSF) and take the modulus of the Fourier 

transform of the LSF, which corresponds to the 1D projection of the MTF. To obtain the MTF of the sensor this 

computed MTF has to be divided by the MTF of the optics which is used to project the target on the characterization 

bench. We usually plot the MTF Corrected by a Perfect Optics (MTF CPO), which is a diffraction-limited optics free 

from aberrations, and the different MTF results presented in the next section correspond to these MTF CPO (worst case 

sensor MTF as corrected by a perfect optic MTF).  

 

Figure 2. Illustration of a typical MTF curve showing the input modulation according to the spatial frequency and the output 

response of the sensor. 

         

3. RESULTS 

3.1 Quantum Efficiency 

Two different Back Side Illuminated (BSI) pixels were investigated here: one with a 1.75µm pitch and one with a 3.2µm 

pitch. As Table 1 is showing, various pyramid arrays were tested on each pixel. For both, one trial is without pyramid, 

acting as a reference. Then, various configurations were tried: only one pyramid in the middle of the pixel (which is a 

square) called 1x1 pyramid configuration, an array of 2 by 2 similar pyramids also centered in the middle of the pixel 

(2x2 pyramids configuration), and for the biggest pixel, 3 by 3 and even 4 by 4 similar pyramids centered in the middle 

were also tested (3x3 and 4x4 pyramids configurations). The different parameters like the size of the pyramids, which 

corresponds to the base length of the right square pyramid that is formed, and the spacing between them if any are also 

presented in this table. By convenience, we call trials and versions the different pyramid tests on the 1.75µm and 3.2µm 

pixels respectively. We realized these different patterns using both a 3µm and a 6µm Silicon epitaxy (EPI) layer, to also 

compare the difference between a thin and a thicker photodiode. One can see the QE results of all the different versions 

and trials in Figure 3. and Figure 4. respectively. In Figure 3., there are two types of measurement: Package Level 

Characterization (PLC) and Wafer Level Characterization (WLC). The first one corresponds to the measurement of a 

single die that is extracted from the wafer, containing all the different pixel versions and is done at Room Temperature 

(RT). The second one is a measurement directly done on the wafer, on various dies and at 60°C.  

 



 

 
 

 

Table 1. Definitions of the different trials and versions on the different pixels. 

Pixel pitch (µm) Trials and 

Versions 

Configuration Size (nm) Spacing (nm) 

1.75 T01 No pyramids: ref NA NA 

T02 1x1 pyramid 950 NA 

T03 2x2 pyramids 400 100 

T04 2x2 pyramids 520 100 

3.2 V00 No pyramids: ref NA NA 

V01 1x1 pyramid 500 NA 

V02 1x1 pyramid 1000 NA 

V03 1x1 pyramid 1500 NA 

V04 1x1 pyramid 2000 NA 

V05 1x1 pyramid 2500 NA 

V06 2x2 pyramids 400 100 

V07 2x2 pyramids 900 100 

V08 2x2 pyramids 900 200 

V09 2x2 pyramids 900 300 

V10 3x3 pyramids 600 100 

V11 3x3 pyramids 600 200 

V12 3x3 pyramids 730 200 

V13 4x4 pyramids 570 100 

   

It should be noted that this gap between the different temperatures explains why WLC results are higher than PLC ones. 

Finally, all the different simulations and measurements were done at 940nm with ±7.5nm Full Width Half Maximum 

(FWHM). It can be noticed that trends between simulations and characterizations are very similar. We can indeed see in 

Figure 3. c., d. and in Figure 4 c., d. that the gain, corresponding to the values of the different versions (or trials) over the 

reference V00 (or T01), is closed for every pattern between simulation and characterization (even if correlation is better 

for the 3.2µm pixel). However, simulation results are overestimated the real QE seen in characterization: there are 

always higher than the measured values (see Figure 3. a., b. and Figure 4. a., b.). As mentioned in the previous section, 

since we did not realize electrical simulations but only optical ones, the simulated QE that is shown is in fact the 

absorption but not all the absorbed signals will be transmitted and read, hence this overestimation. Nevertheless, no 

matter the configuration, we always see a QE gain which can be huge: it is up to 2.4 for the PLC characterizations on the 

3.2µm pixel with a 3µm thick EPI (Figure 3. c.). The maximum QE is obtained for V03 which corresponds to a 1500nm 

wide single pyramid and reaches 47% at RT (PLC) and 55% at 60°C (WLC). More generally, it seems that the single 

pyramid array gives the best QE results after having a certain size (more than 1000nm). V02 to V04 are indeed giving 

higher QE values than all the other versions. As for V05, there was a problem processing such a big pyramid, this is why 

we only have simulated results. But according to the simulation, it would have also been an important value. Concerning 

the 1.75µm pixel, T02 and T04 give more or less the same results, but for T02 the pyramid was smaller than 1000nm, we 

can therefore do the assumption that we would have seen better results with a 1500nm wide pyramid, but it was not 

possible on this small pixel, taking into account the size of the DTI. For all the other configurations, we obtain similar 

results.  



 

 
 

 

 

Figure 3. QE measurement and simulation results of the 3.2µm pixel at 940nm for the different pixel versions for a. a 3µm 

thick Silicon epitaxy and b. a 6µm thick Silicon epitaxy. QE gain of the 3.2µm pixel at 940nm measured and simulated with 

respect to the reference version (V00) for c. a 3µm thick Silicon epitaxy and d. a 6µm thick Silicon epitaxy. There are Two 

types of measurement: Package Level Characterization (PLC) and Wafer Level Characterization (WLC) which correspond 

respectively to measurements on a single die or on an entire wafer. PLC measurement were done at RT whereas WLC 

measurements were characterized at 60°C. 

 

Figure 4. QE measurement and simulation results of the 1.75µm pixel at 940nm for the different pixel trials for a. a 3µm 

thick Silicon epitaxy and b. a 6µm thick Silicon epitaxy. QE gain of the 1.75µm pixel at 940nm measured and simulated 

with respect to the reference trial (T01) for c. a 3µm thick Silicon epitaxy and d. a 6µm thick Silicon epitaxy. 



 

 
 

 

Finally, an important gain is observed for all the different versions and trials as we increase the EPI. By doing so, we 

indeed increase the absorption volume of our photodiode. It therefore seems logical that we are improving QE. An 

interesting result to notice is that the trends between the 3µm and 6µm EPI pixels are the same: the differences between 

one version to the other are approximately the same. However, the gain is smaller for the 6µm EPI case. It means that the 

reference pixel (V00 or T01) is more impacted by this increase in the EPI thickness than the structured ones are.                

3.2 Modulation Transfer Function 

Figure 5. is showing the different MTF results at Nyquist (Ny) and Ny/2 spatial frequencies, which are the common 

values of interest for this parameter. First, we can see that the trends between horizontal and vertical MTF are nearly the 

same for the four different graphs. An exception is pointed out in Figure 5. b. for V03 and V04, where the horizontal 

MTF at Ny/2 is much higher than the vertical one. Moreover, we can see a little difference between the horizontal and 

vertical MTF. This is linked to the pixel’s architectures and not on the structuration patterns, because in this study, there 

were totally symmetric. We can indeed note that this difference is maintained between the different versions or trials. 

Secondly, as expected, V00 and T01 have respectively the best MTF. As previously mentioned, when adding diffractive 

structures, crosstalk is increased and therefore MTF is degraded. We can also see a MTF improvement when we increase 

the EPI. A greater portion of light is absorbed in the corresponding pixel: it leaks less in the neighboring pixels. Finally, 

one can notice that the versions with the lowest MTF correspond to the versions with the highest QE previously seen. 

This will be the topic of the next section.        

 

Figure 5. Horizontal and vertical MTF at Ny and Ny/2 for a. the different versions of the 3.2µm pixel with a 3µm EPI, b. the 

different versions of the 3.2µm pixel with a 6µm EPI, c. the different trials of the 1.75µm pixel with a 3µm EPI, d. the 

different trials of the 1.75µm pixel with a 6µm EPI. 

 



 

 
 

 

3.3 Comparison between measured data: Quantum Efficiency vs Modulation Transfer function 

Figure 6. is representing the different QE with respect to the horizontal MTF at Ny/2 (knowing that the vertical MTF 

have the same trends). In both pixel cases, QE and MTF are improved when we go from a 3µm to a 6µm EPI. Increasing 

furthermore this parameter would be benefic for both QE and MTF. But it would come with process and rapidity issues 

for applications where a small electron transit time is needed. Moreover, as briefly mentioned above, increasing QE is 

generally decreasing the MTF. But for versions with approximately the same QE, we can find a configuration that 

maximizes the MTF. For example, as we can see in Figure 6., for the 6µm EPI case V02 has the same QE than V07 to 

V13 but has a much better MTF at Ny/2. It is even more pronounced in the 3µm case, where not only its MTF is better, 

but also its QE. It therefore seems that not only single pyramid arrays are obtaining the best QE performances, but they 

also maximize MTF. We do not see such results for the 1.75µm pixel in the 6µm EPI case but this is mainly due to a lack 

of trials for this pixel. For the 3.2µm pixel, we clearly see a trend for the single pyramid array: the more the size is 

increased the better is the QE but the more degraded is the MTF. It works up to a 1500nm pyramid, and above this limit 

QE is no longer increased but MTF is still degraded (V03 compared to V04). For the other pyramid configurations, 

except for V06 and probably linked to the small size of its pyramids, QE and MTF are very similar and contained in the 

same area of the graph. Finally, the choice of the different type of structuration is a trade-off between QE and MTF. 

Nevertheless, with respect to the reference without any structuration, we can find designs with a significative QE gain 

without degrading a lot the MTF.    

 

Figure 6. Characterization graph of QE vs Horizontal MTF at Ny/2 for the different pixel trials and versions. 

 

 



 

 
 

 

4. CONCLUSION 

This study has shown very promising results concerning the improvement of CMOS image sensor optical performances 

in the NIR. We indeed observe great QE gains for single pyramid arrays with a degraded but still high MTF. Simulation 

predictions were confirmed by characterization, which will be the key to enable an optimization on the different patterns 

and configurations to find the best trade-off between QE and crosstalk. We can indeed think of other structures to 

enhance QE. For example, we can use rectangular trenches (dry etch process) in order to diffract light in a specific 

direction and avoid some critical regions (like memories). The MTF in that direction will be degraded but some parasitic 

light could be decreased at the same time. We can also use structures to have a different excitation between light and 

matter, for example we could excite whispering gallery modes [18]. Moreover, random structures with the use of an 

optimization algorithm could also be a way to improve both QE and MTF at the same time. This will be part of a future 

study. Finally, metal could be implemented inside the DTI in order to increase the isolation between pixels and therefore 

reduce crosstalk while keeping a high QE. To conclude, all these different techniques could contribute to improve further 

the optical performances of CMOS image sensors in the NIR. 
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