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Abstract--In this work, a unified model, based on a thorough analysis of experimental data, is developed for 

the overall Modulation Transfer Function (MTF) estimation for CMOS image sensors. The model covers the 

physical diffusion effect together with the influence of the pixel active area geometrical shape. 

Comparison of both, our predicted results and the MTF calculated from the Point Spread Function (PSF) 

measurements of an actual pixel array gives excellent agreement. This confirms the hypothesis that the 

active area shape together with the photocarrier diffusion effect are the determining factors of the overall 

CMOS Active Pixel Sensor (APS) MTF behavior, and allows us to extract the minority-carrier diffusion 

length.  

The results indicate that for any potential active area shape, a reliable estimate of image performance is 

possible, so the trade off between the conflicting requirements, such as signal-to-noise ratio (SNR) and MTF 

could be compared per each pixel design. 

 
Index terms—CMOS image sensor, Modulation Transfer Function (MTF), Point spread Function (PSF), 

diffusion process, parameter estimation, modeling.   

 
1. INTRODUCTION 

Solid-state imagers are based upon rectangular arrays of light-sensitive imaging sites, which are also 

called picture elements or pixels. In CMOS Active Pixel Sensor (APS) arrays, the pixel area is 

constructed of two functional parts (see for example, Fig. 1). The first part, that has a certain geometrical 

shape, is the sensing element itself: the active area that absorbs the illumination energy within it and turns 

that energy into charge carriers. APSs usually consist of photodiode or photogate arrays [1,2,3,4,5,6] in a 

silicon substrate. Each imaging site has a depletion region of several micrometers near the silicon 

surface. Any photocarrier generated in this depletion region is collected at this imaging site (we assume 

perfect collection efficiency for carriers at or within the depletion region). The second part is the control 

circuitry required for readout of this charge. The ratio between the active area and the total pixel area is 
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referred as the Fill Factor (FF), which in APS is less than 100 percent (in contrast to CCDs where the FF 

can approach 100%). The preferred shape of the pixel active area is a square. However, designing the 

active area as a square can reduce the fill factor. Since the fill factor influences the signal and SNR, it is 

preferred to keep it as high as possible. Fig. 1 describes an L-shaped active area pixel, which is most 

commonly used.  

 

Fig. 1. – 

 

Photon absorption in the silicon depends on the absorption coefficientα , which is a function of the 

wavelength. Blue light, with wavelength 0.4 mλ µ≈ , is strongly absorbed in the first few 

micrometers of silicon, since α  is large in this spectral region. Longer wavelengths, 0.6 mλ µ≈ , for 

instance, have a smaller absorption coefficient, which means more of the photocarriers can be 

generated outside the depletion regions. These carriers diffuse to the original imaging site or to a 

nearby site where they are collected, before they are lost to a bulk recombination process. The imagers 

lose resolution as the result of this diffusion process. Fig. 2 shows a schematic cross section of several 

imager sites, which indicates the depletion-region boundaries. 

 

Fig. 2. – 

 

Theoretical calculations to model the effects of the photogenerated minority carriers spatial quantization, 

transfer efficiency, and crosstalk in CCDs have been described over the years [7, 8, 9, 10, 11, 12, 13, 14]. It 

has always been assumed that the theoretical model includes the solution of the two-dimensional 

continuity equation  

( ) ( )2 ,
, exp[ ]

n x z
D n Nf x z zα α

τ
∇ + = −   (1) 

where n, n(x,z) represents the minority carriers concentration, ( ),Nf x z  is the flux, transmitted to the 

substrate of the sensor at some position x , α  is the absorption coefficient, z- the depth within the 

semiconductor, τ - the minority carrier lifetime and D -the diffusion coefficient. It was already shown 

[9], that the multiplication of the diffusion and aperture Modulation Transfer Function (MTF) in 

purpose to arrive at the overall sensor MTF is only valid for the special case in which the pixel aperture 
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is equal to its size or pitch, i.e., for the case of a 100% fill factor. In other words, the unification of 

these effects is necessary for the right MTF representation. 

It was recently shown that the active area shape contributes significantly to the behavior of the overall 

MTF of a CMOS imager [15]. This current work is a continuation of the formerly presented analytical 

analysis. Here we present a more comprehensive model, which takes into account the effect of the 

minority carrier diffusion together with the effect of the pixel active area shape on the overall CMOS-

APS MTF. This is especially important for APS design, where the fill factor is always less than 100%.  

Section 2 presents the details of the experimental measurements and the data acquisition method. Section 3 

describes the physical analysis performed on the acquired data. It contains the fitting description and the 

relevant parameter derivation methods. Section 4 presents a computer model, which empirically produces 

the PSF of the pixel, using the previously described analysis. The comparisons between the modeled and 

actually scanned results are discussed in Section 5. Section 6 summarizes the work. 

 

2. EXPERIMENTAL DETAILS 

Our model is based on the measurements of responsivity variation on a subpixel scale, for the various 

APSs. These measurements were reported in [15] and will be described here briefly. An optical spot of 

size 0.5 mµ≈  (He-Ne laser, 0.6 mλ µ= ) was used to scan the APS over a single pixel and its 

immediate neighbors in a raster fashion step. The present paper deals with the ideal situation, where 

light is projected directly onto the sensor pixel. Therefore, effects on MTF due to the presence of an 

optical stack of oxides such as light-piping [16] are not considered. In addition, the spot size of the 

used laser is small compared with the pixel size; therefore, the effects of laser spot profile on the 

measured PSF are not considered. 

The data acquisition was taken at the center point, i.e., the central pixel was read out at each point of 

the scan (see Fig.3). The obtained signal as a function of the spot position provides a map of the pixel 

response. 

 

Fig. 3. -     

 

Assume only the central pixel is active. The “window region” i.e., the photodiode (or photogate) of the 

active pixel is the only region where the wide (nonzero bias) depletion layer exists and the photocarrier 
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collection occurs. The incoming laser light generates (at a certain depth according to the exponential 

absorption law) electron-hole pairs i.e., minority charge carriers. Part of these carriers diffuse (with 

equal probability to all directions) directly to the depletion region, where they subsequently contribute 

to the resultant signal. Thereby, the resulting PSF we obtain in the window region (see Fig.4) consist of 

the detection of those charge carriers, which successfully diffused to the depletion region. The value at 

each point represents the electrical outcome of the three-dimensional photocarrier diffusion (i.e., the 

integration over the depth at each point) from this point to the depletion. Thus, the 2D signal map plane 

we get in the experiment can be generally considered as a “diffusion map” of the 3D diffusion in the 

device. In Fig. 4 the lighter the gray level, the stronger the response. 

 

Fig. 4. – 

 

3. PHYSICAL ANALYSIS 

We perform an analysis of the PSF obtained from the actual pixel measurements for a square, a 

rectangular, and an L-shaped active area by means of a scientific analysis software. Note that without 

the limitation of generality, in this work we demonstrate, as an example, only the results for an L-

shaped active area pixel. We use the solution of the steady-state one-dimensional transport equation of 

excess minority carriers in the semiconductor 
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where the electron recombination rate can be approximated by the expression p p0 n(n -n )/t , where pn  

is the minority carrier density, p0n - the thermal equilibrium minority carrier density, nτ - the electron 

(minority) lifetime, and nD - the electron diffusion coefficient. The solution is given by: 
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where N is the number of electrons generated per unit area (in a certain depth within the 

semiconductor). 
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Based on this solution we fit the PSF data acquired from the actual scanning. For each scanned pixel a set 

of fittings is performed. Fig. 5 indicates examples of planes on which fitting was performed for the L-

shaped pixel ( A A′ ′′ is one of the cross-sections a fit was performed on). 

 

Fig. 5. - 

 

All the pixels are situated on a common substrate. Therefore, for a given pixel array the photocarrier 

diffusion behavior within the substrate is common too. From the generalization of the fitting results for all 

pixels, we derive the common functional dependence with common parameters that describe the diffusion 

process in the array. The two-dimensional approach described earlier allows us to obtain the desired 

physical parameters, which correspond to the actual three-dimensional diffusion. 

The model used for fitting, is 

( )2
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exp[ 1]

2

cx xAy y
W

W π
−

= + − −   (4) 

where cX - is the center, W - the width, A - the area. The term “-1” describes the case of 

=t. τ Obviously, it is generally possible to perform fittings with values of t equal to various fractions 

ofτ , so that for each window shape we obtain the best correspondence. We derive the relevant 

parameters from the comparison of equations 3 and 4 

eff2 2 ,   L  n nW D Dτ τ= ⇒ =   (5) 

where effL - is the characteristic effective diffusion length. The common average result we obtain for it 

is: effL 24 mµ≈ . 

Fig. 6 describes the fit function and the actual data for one cross-section example. 

 

Fig. 6. – 

 

4. THE UNIFIED MODEL DESCRIPTION 

Based on the described analysis of the experimental data and the actual layout of the pixel array a 

unified numerical model including both the effect of photocarrier diffusion within the substrate and the 
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effect of the pixel sampling aperture shape and size within the pixel array is worked out. The model 

empirically produces the PSF of the pixel. We use the extracted parameters for the creation of a 2D 

symmetrical kernel matrix (there is no diffusion direction priority within the uniform silicon substrate). 

The convolution of this matrix with the one representing the pure geometrical active area shape 

produces the desired unified PSF model. The dimensions of the kernel matrix are important.  

Fig. 7 below explains the choice of the kernel matrix dimensions. It could be seen that at the points 

corresponding to the kernel dimension, i.e. points 7~9, the mean and standard deviation functions 

obtained from the comparison between the modeled and the actually scanned PSF reach an extremum.  

 

Fig. 7. – 

 

These matrix dimensions (both) equal the physical pixel size in our representation. Thus, we conclude 

that the diffusion primarily occurs within the pixel, i.e., effL 24.4 mµ≈ . Note that the parameter 

value obtained here directly from our model is the same as the one previously obtained analytically by 

fitting.  

We present the experimental results and compare them with our predictions for several practical 

designs. It can be seen that, generally, we achieve a fair correspondence of the simulated PSF with the 

real, measured PSF. A thorough results discussion follows hereby.  

 

5. RESULTS AND DISCUSSIONS 

To compare the PSF and the MTF of a practical square, rectangular and an “L” active area shaped pixels, 

two-dimensional MTF of these structures for a specific design were calculated, simulated, and compared 

with the measurements. The measurements currently used for the analysis are from an HP 1.2  µ  

process chip as described in [15]. The design consists of an APS sensor with different shaped pixel active 

areas:  

1) a square shaped active area design with a fill factor of around 8%, 2) a rectangular shaped active area 

with a fill factor of 31%, 3) an “L” shaped design with a fill factor of around 55%. The square shape 

dimensions were 11λ x11λ . The rectangular shape dimensions were 35λ x14λ . The pitch was 40λ , 

i.e. 24.4 mµ . An example for the L-shaped layout is shown in Fig 1. Fig. 4 shows the corresponding Point 

Spread Function (PSF) map obtained by laser scanning in subpixel resolution (after [15]). Fig. 8 shows the 
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corresponding calculated MTF, via the 2D Fourier transform. In addition to the MTF results presented 

in [15] Fig. 9 represents the PSF map obtained from the unified computer model, and Fig. 10 shows the 

corresponding MTF contour plot. Fig. 11a and Fig. 11b show the comparison results. The first one 

(Fig. 11a) represents the difference between the actually measured PSF and the pure geometrical PSF 

(i.e., the PSF resulting from the active area geometrical pixel layout [15], represented by the unity in 

the active area and zero otherwise) for a specific pixel. The maximum difference observed is about 

20% of the maximum pixel response. The second one (Fig. 11b) is the comparison between the actually 

measured PSF and the PSF obtained from our unified model, i.e., with the diffusion effects. The 

maximum difference observed is about 3% of the maximum pixel response. The histograms 

corresponding to the differences obtained in Figs. 11a and 11b are represented in Figs. 12a and 12b. 

The horizontal axis represents this difference as part of the maximum response (which is normalized to 

unity). 

 

Fig. 8. – 

Fig. 9. – 

Fig. 10. – 

Fig. 11. – 

Fig. 12. – 

 

The comparison of the extracted diffusion length values, presented in Table 1, gives a confirmation for 

the universality of the described method. Note that the calculation performed is based on the data 

extracted from the literature sources, relevant to the process described. The same model can be used for 

any process design. 

 

Table 1. – 

 

As was already shown [15], the active area shape contributes significantly to the behavior of the overall 

MTF. However, there are essential differences between the actual and geometrical MTFs. Our unified 

model gives better agreement between the modeled PSF/MTF for a certain active area shape and the 

actual measurements. One still can see (Fig. 11b) some difference between the PSF matrices, the one 
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actually scanned, and the one modeled. However, these differences are confined by the background 

level, and in average are calculated to be less than 1% (see the histogram on Fig. 12b). Those 

distinctions occur due to other factors in the design and process, such as optical crosstalk [17]. Optical 

crosstalk results from the interference in the oxide level, especially between metal lines, and has an 

effect on the overall MTF [8,9,10]. This would have more effect as the pixel size scales in multi-level 

metal processes [18]. In addition, the effects of the laser spot profile (used for scanning) on the 

resulting PSF should also be considered for smaller pixels, i.e., as the technology scales. 

 

6. SUMMARY 

In this work, analysis of experimental data of subpixel scanning sensitivity maps for pixel arrays with a 

different active area shape was performed. Based on this analysis, a unified model for estimating the 

MTF of a CMOS-APS solid-state image sensor was developed. This model includes the effects of the 

photocarrier diffusion within the substrate in addition to the effects of the pixel sampling aperture 

shape and size. 

 Minority-carrier diffusion length, characteristic for the process, was extracted for various active area 

pixels via several different ways. The agreement between the values obtained by the model and other 

methods verifies the usefulness of the model.               

Comparison of both, the simulation results and the MTF calculated from the Point Spread Function 

measurements of the actual pixels confirms that the active area shape, in aggregation with the minority 

charge carrier diffusion effect, are the two determining factors which affect the overall MTF behavior. 

The results also indicate that for any potential pixel active area shape, a reliable estimate of the 

degradation of image performance is possible, so that the tradeoff between conflicting requirements, 

such as signal-to-noise ratio (SNR) and MTF, could be compared per each pixel design for better 

overall sensor performance. The proposed model is general in nature. However, evolving technologies 

will cause other effects like wave-guides to become stronger and have more influence.  
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7. LIST OF FIGURES  
 
Figure 1:  Layout example of an “L” shaped active area pixel design. Reprinted from O. Yadid–Pecht, 

“The Geometrical Modulation Transfer Function (MTF)- for different pixel active area shapes,” 

Optical Engineering, vol. 39, no. 4, pp. 859-865, 2000. 

Figure 2: Schematic cross-section of several imager sites, with indication of the depletion-region 

boundaries. 

Figure 3:  Geometry of the generalized experiment. The solid squares represent the APS subarray. The 

optical spot (dark filled rectangle) is scanned over the array in a raster fashion within the scanned 

region (dashed line rectangle). 

Figure 4:  Plot of the actual measured PSF for the “L” shaped pixel design (after [15]). The lighter the area 

- the stronger the response. 

Figure 5: Plot of the actual measured PSF for the “L” shaped pixel design (after [15]). Cross-sections used 

for fitting are located along the arrows, normal to the layout surface. The lighter the area - the stronger 

the response. 

Figure 6: Functional analysis of the obtained Point Spread Function. The example corresponds to the    

A’-A’’ cross-section on Fig. 5. 

Figure 7: Mean and standard deviation dependence on the kernel matrix dimensions. 

Figure 8: The MTF contour plot calculated from the PSF obtained by laser scanning of the “L” shaped 

pixel design (after [15]).  

Figure 9: The PSF obtained from the unified model   for the “L” shaped pixel design. The lighter the 

area - the stronger the response.                              

Figure 10:  Contour plot of the MTF simulation result for the “L” shaped pixel design. 

Figure 11a: The difference between the pure geometrical PSF and the PSF obtained by scanning the “L” 

shaped pixel design. The lighter the area - the stronger the response (maximum difference ~20% of 

maximum pixel response). 

Figure 11b: The difference between the unified model PSF and the PSF obtained by scanning the “L” 

shaped pixel design. The lighter the area - the stronger the response (maximum difference ~3% of 

maximum pixel response). 

Figure 12a: The histogram corresponding to the difference obtained in Fig. 11a. The horizontal axis 

represent this difference as part of the maximum response (which is normalized to unity).  
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Figure 12b: The histogram corresponding to the difference obtained in Fig. 11b. The horizontal axis 

represent this difference as part of the maximum response (which is normalized to unity). 

Table 1: Parameters comparison. 
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Yadid–Pecht, “The Geometrical Modulation Transfer Function (MTF)- for different
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Fig.2. Schematic cross-section of several imager sites, with indication of the depletion-

region boundaries.  
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Fig. 4:  Plot of the actual measured PSF for the “L” shaped pixel design (after [15]).

The lighter the area - the stronger the response. 
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A’ 
Fig. 5. Plot of the actual measured PSF for the “L” shaped pixel design (after [15]). Cross-

sections used for fitting are located along the arrows, normal to the layout surface. The

lighter the area - the stronger the response, in correspondence to the Fig. 4. 
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Fig. 6. Functional analysis of the obtained Point Spread Function. The example 

corresponds to the A’-A’’ cross-section on Fig. 5. 
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Fig. 7. Mean and standard deviation dependence on the kernel matrix dimensions. 
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Fig. 8. The MTF contour plot calculated from the PSF obtained by laser scanning of the “L” shaped

pixel design (after [15]). 
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Fig. 9. The PSF obtained from the unified model for the “L” shaped pixel design. The

lighter the area - the stronger the response. 
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Fig. 10. Contour plot of the MTF simulation result for the “L” shaped pixel design.   
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Fig. 11a The difference between the pure geometrical PSF and the PSF obtained by

scanning the “L” shaped pixel design. The lighter the area - the stronger the response

(maximum difference ~20% of the maximum pixel response).    

Fig. 11b. The difference between the unified model PSF and the PSF obtained 

by scanning the “L” shaped pixel design. The lighter the area - the stronger the 

response (maximum difference ~3% of the maximum pixel response). 
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Fig. 12b. The histogram corresponding to the difference obtained in Fig. 11b. The 

horizontal axis represent this difference as part of the maximum response (which is 

normalized to unity). 

Fig. 12a. The histogram corresponding to the difference obtained in Fig. 11a. The 

horizontal axis represent this difference as part of the maximum response (which is 

normalized to unity). 
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TABLE 1 
PARAMETERS  COMPARISON 

 
Diffusion Length Obtained Value (µµµµm) 

Extracted by Function fits ~24 

Extracted from Kernel optimization ~24.4 

Calculated: eff nL D τ= , 

( 2
nD =37.5 cm /sec  (300K) [2], 20 secpτ =  

[5]) 

~27 
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