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ABSTRACT 
This paper presents a preliminary demonstration of the 

proximity capacitance-optical multimodal imaging using a 
2.8 μm-pitch 1.8M pixels CMOS image sensor. The 
experimental results showcase the high accuracy 
capacitance imaging, the good functionality of optical 
imaging, and the high spatial resolution, validating the 
feasibility of the multimodal imaging principle. 

1 Introduction 
Image sensors play an important role in acquiring 

information from the real world and the fields of applications 
are expanding in the era of big data. Among the many types 
of image sensors, proximity capacitance image sensors 
offer unique capabilities in visualizing two-dimensional 
distributions of capacitance between the sensor and targets. 
These sensors excel at detecting electrical connections and 
minute irregularities on objects, making them highly 
valuable in various fields. For instance, they are extensively 
used in wiring inspection for flat panel displays [1], fingerprint 
identification [2], biology analysis [3], and so on. 

Meanwhile, multimodal image sensors are receiving 
great attentions for their ability to achieve high-functional 
imaging. These sensors combine multiple modalities to 
enhance the overall imaging capabilities. Practical 
applications include imaging of biological cells using ions 
and fluorescence [4], as well as imaging of the human body 
using PET and MRI [5]. 

For biological cell analysis, proximity capacitance 
imaging provides an ability to visualize biochemical 
reactions [3], while optical imaging enables identification and 
localization [6]. By integrating these two modalities through 
multimodal imaging techniques, it becomes possible to 
obtain comprehensive information about biological cells in a 
single imaging process. This approach enhances the 
precision and efficiency of image acquisition, leading to an 
improved understanding and analysis of cellular processes. 

Previously, we presented a high-resolution proximity 
capacitance image sensor with 2.8 μm-pitch pixels [7]. This 
work expands the research by demonstrating the sensor’s 
capability for proximity capacitance-optical multimodal 
imaging. The operation principle of the imaging technique 
and preliminary experimental results to verify the working 
principle are demonstrated as follows. 

2 Operation Principle of Proximity Capacitance-
Optical Multimodal Imaging 

Figure 1 shows the circuit block diagram and pixel circuit 
of the prototype CMOS image sensor utilized for proximity 
capacitance-optical multimodal imaging in this work. The 
pixel consists of a detection electrode and a PN junction of 
transistor's source as a photodiode, allowing the acquisition 
of both capacitance and light signals. The sensor is 
operated by rolling shutter, where the pixel reset and row 
select are controlled by ΦR and ΦX, respectively. Each 
column S/H circuit is equipped with two capacitors, which 
are controlled by ΦN and ΦS. 

Figure 2 shows a schematic diagram of the pixel cross-
section and circuit schematic. Each pixel contains a 
parasitic capacitance; CC at the detection electrode node. 
Note that during the capacitance imaging, the capacitance 
to be measured; CS will be connected in series with CC. 

Figure 3(a) depicts the operating pulse diagram of 
capacitance imaging method. The ΦC represents the 
applied signal to the counter electrode of the target. After 
the pixel reset, two different voltage levels of ΦC are applied, 
and the corresponding output signals, VOUTN and VOUTS, are 
sampled in sequence. By using the differential output 
voltage, VOUT, thermal noise and fixed pattern noise can be 
cancelled. The output signal is expressed by Eq. (1). 

 

where VIN is the input pulse amplitude of ΦC, and GSF is the 
gain of pixel source follower (SF). 

Figure 3(b) shows the operation pulse diagram of optical 
imaging method. During the exposure, the PN junction of 
the source of the reset transistor, which is connected to the 
detection electrode node, functions as a photon-detector. 
After integrating the photo-generated electrons, the light 
signal voltage is read out as VOUTS. Subsequently, the pixel 
reset is conducted and sampled as VOUTN. This operation 
allows a sufficient exposure period for one frame. The 
output is expressed by Eq. (2). 

 

where Q is the amount of the integrated photo-generated 
charges. When using the optical imaging method for 
proximity targets, CS will vary for each pixel, depending on 
the distance between target and each detection electrode.  
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To demonstrate the proximity capacitance and optical 
imaging methods, we utilized a 2.8 μm-pitch 1.8M pixel 
CMOS image sensor fabricated using a 0.18 μm CMOS 
process, previously reported as a proximity capacitance 
CMOS image sensor [7]. Three types of characteristics were 
obtained; the input voltage to capacitance transfer 
characteristic, the photoelectric conversion characteristic in 
response to light, and the modulation transfer function 
(MTF) as an index of spatial resolution in both capacitance 
and optical imaging. 

Figure 4 shows micrographs of the prototype chips 
employed for the experiments. Figure 4(a) shows the basic 
chip for measuring voltage-capacitance transfer 
characteristics and photo response. Figure 4(b) shows the 
chip with various metal wiring patterns formed on top of the 
sensor surface, for the measurement of MTF. The 
characteristics were obtained by lens-free proximity imaging. 

Figure 5 shows the TEM image of the pixel cross-section 
of the fabricated chip, showing the wiring layers including 
the capacitance detection electrode. Note that for the 
prototype chip the optical aperture is almost zero for the 
normal incident light due to the metal wiring.  

Figure 6 shows the photograph and block diagram of the 
measurement system. 

3 Experimental Results and Discussion 
The following are the measurement results of the 

proximity capacitance and optical imaging using the 
prototype chips.  

3.1 Voltage-Capacitance Transfer Characteristics 
Figure 7(a) shows the measurement setup and results of 

the voltage-capacitance transfer characteristics. During the 
experiment, the distance between the probe and the sensor 
was adjusted to tune different levels of capacitance CS. The 
resulting output voltages obtained using capacitance 
imaging method, with the input pulse amplitude applied to 
the probe (VIN), are plotted in Fig. 7(b). For the comparison, 
the solid black lines show the theoretical characteristics for 
typical capacitance values of CS. The results demonstrate 
good linearity at a distance range of 0 to 5 mm from the 
sensor, indicating that the capacitance can be accurately 
detected for the range of aF to several zF.  

3.2 Photoelectric Conversion Characteristic 
Figure 8 shows the measured photoelectric conversion 

characteristic of the sensor across different illuminance 
levels. The observed response of the output voltage to the 
incident light confirms the functionality of the photon 
detector of the pixel circuit when employing the optical 
imaging method. 

Note that in this experiment, a strong light source was 
applied to ensure a sufficient level of light signals. The 
relatively low light sensitivity can be attributed to the very 
low optical aperture of the chip, as illustrated in the TEM 
image in Fig. 5. The light sensitivity can be improved by 
modifying the metal wiring layout for higher aperture.  

3.3 Modulation Transfer Function (MTF) 
Figure 9 shows a 3D model of the sensor wiring and a 

simplified pixel output graph. The MTF is calculated using 
the minimum value (Vmin) and the maximum value (Vmax) of 
the output voltage at a specific spatial frequency ω, as 
described in Eq. (3). 

 

Figure 10 (a) and (b) shows the capacitance image and 
optical image, respectively, with the metal pattern formed on 
the chip surface during the back-end-of-line process for the 
MTF measurement. In the capacitance image, the brighter 
pixels represent larger capacitance values due to the metal 
pattern. On the contrary, in the optical image, the shaded 
pixels by metal pattern result in lower signal values and 
appear darker. 

Figure 11 shows the experimental and theoretical MTF 
characteristic. For the capacitance and optical image 
acquisition, the MTF values were around 0.7 and 0.35, 
respectively at the Nyquist frequency of ~180 lp/mm, which 
was calculated from the pixel pitch of 2.8 μm and measured 
using a 5.6 μm pitch wiring pattern.  However, when 
comparing the optical imaging characteristics to the 
theoretical values, it was observed that the characteristics 
start to deteriorate from around 50 lp/mm. This can be 
attributed to the low light sensitivity of the pixels and the 
optical crosstalk between pixels due to the undesired light 
reflection and scattering due to the metal layers above the 
photodiode. By increasing the optical aperture of the pixel 
layout, an improved light sensitivity and spatial resolution 
can be expected in the future. 

4 Conclusions 
This paper presented the principle of proximity 

capacitance-optical multimodal imaging using a same pixel 
structure, and demonstrated basic characteristics of 
multimodal imaging results using a prototype CMOS image 
sensor with 2.8 μm-pitch 1.8M pixels. The results verified 
the proposed principle works with good spatial resolution for 
lens-free proximity imaging. The low light sensitivity and 
spatial resolution compared to the proximity capacitance 
imaging attributed to the almost zero optical aperture of the 
fabricate chip. In the future, we plan to fabricate an image 
sensor with better optical performances. The multimodal 
images of capacitance and light obtained using the sensor 
will be useful in a wide range of fields, including analysis in 
biology.  
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Fig. 2 Schematic diagram of pixel cross section and 

circuit. 
 

     
    (a)      (b) 

Fig. 4 Micrograph of the chip used for the 
measurement. 

 
Fig. 1 Circuit block diagram and pixel circuit of the 

proximity capacitance image sensor. 
 
 

 

 
(a)                                       (b) 

Fig. 3 Operating pulse diagrams for (a) capacitance 
and (b) optical imaging. 

 

 
Fig. 5 Pixel cross-sectional TEM image of the chip in 

Fig. 4(a).

 
Fig. 6 Photograph and block diagram of the measurement system. 
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Fig. 7  Method and results of voltage-capacitance transfer 

characteristics with various capacitance range. 

 
Fig. 8 Measurement results of photoelectric 

conversion characteristic. 

 
Fig. 9 3D model of a sensor with metal wirings on the surface and a simplified characteristics of capacitance and 

optical signal output under the metal wirings. 
 

 
(a)          (b) 

Fig. 10 (a) Capacitance and (b) optical images captured by the chips used for MTF measurements. 

Fig. 11 Results of MTF measurements and pixel output values. 
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