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Abstract 

We report 3-layer stacked pixel-parallel CMOS image 

sensors developed for the first time. The hybrid bonding of silicon-

on-insulator wafers through damascened Au electrodes in a SiO2 

insulator on the front and backside realizes both face-to-face and 

face-to-back bonding, developing a multi-layer stacked device. A 

3-layered pixel circuit is developed to confirm the linear response 

of 16-bit digital signal output. A prototype sensor with 160  120 

pixels successfully captures video images, demonstrating the 

feasibility of multi-layered sensors of high performance as well as 

multi-functions including signal processing, memory, and 

computing for applications such as high-quality video cameras, 

measurements, recognition, robots, and various IoT devices. 

Introduction 
Image sensors have improved performances including 

resolution and frame rate to meet the escalating demand of high-

quality video systems such as ultra-high-definition television and 

three-dimensional (3D) imaging. Stacked sensors have been 

technology boosters to reduce the pixel size, increase the number 

of parallelism for signal processing, and add various functionalities. 

Stacked sensors use the through-silicon via (TSV) technology in 

the early stages [1-3]. Although a 3-layer stacked sensor has been 

reported [3], signal processing is limited to column-parallel 

because no TSV can be integrated inside pixels due to their 

dimensions. Recently, the hybrid bonding technology for pixel-

wise interconnection has been utilized, realizing pixel-parallel 

signal processing [4-5] for further functionality. However, the 

conventional hybrid-bonded sensor is only a 2-layer stacked one 

because the wafer should be bonded face-to-face, limiting the 

degree of freedom in sensor design. To overcome this problem, we 

have proposed a 3D integration technology using Au/SiO2 hybrid 

bonding of silicon-on-insulator (SOI) wafers (Figure 1) [6]. The 

adoption of SOI wafers allows the face-to-back bonding in the 

same manner as the face-to-face bonding; electrodes on the 

backside of a device layer are formed after the handle layer 

removal, enabling more than three layers to be stacked with pixel-

wise interconnection. 

 

Figure 1. Schematic diagram of 3D integrated technology using SOI wafers.

 

Table 1: Schematics of stacked image sensors and their technology features. 

 (a) This work 
 

 

(b) Refs. [4-5] 
 

 

(c) Refs. [1-3] 
 

 

Technology feature Hybrid bonding of SOI Hybrid bonding TSV 

Bonding orientation 
Face-to-face and 

Face-to-back 
Face-to-face 

Face-to-face and/or 
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Number of layers 3 2 2-3 
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In this paper, we demonstrate for the first time 3-layer stacked 

pixel-parallel CMOS image sensor. A stacked wafer was 

developed using room-temperature hybrid bonding mediated with 

a thin Si layer. The prototype sensor was designed to have in-pixel 

A/D converters (ADCs) with a pulse frequency modulation, in 

which the upper layer was for photodiode (PD) and pulse 

generation circuits, the middle and lower layers were for 8-bit 

counters. The developed sensor demonstrated video images with 

the quarter-quarter video graphics array (QQVGA) resolution of 

160  120 pixels, indicating that the proposed technology realizes 

a 3-layer stack and pixel-parallel processing (Table 1). The sensor 

is promising to pave the way for multi-layer stacked devices, 

mitigating the limit of sensor design and expanding the quality and 

functionality.  

 

 
(a) 

 
(b) 

Figure 2. (a) Circuit diagram and (b) timing chart of in-pixel ADC with pulse 
frequency modulation. 

 

(a)                                               (b)  
Figure 3. (a) Simulation results and (b) schematic of 1-pixel circuit. 

 

Figure 4. Fabrication process of the 3-layer stacked sensor. 

Design and Implementation 
Figure 2 shows a pixel circuit diagram including a PD, a pulse 

generation circuit, and counters, comprising an in-pixel ADC with 

a pulse frequency modulation [7]. Whenever the floating diffusion 

(FD) potential (VFD) reaches the threshold voltage (VTH) of the 

comparator, a pulse is generated, resulting in pulse numbers 

corresponding to the illuminance to be stored in the counters. 

Schematic and SPICE simulation results are shown in Figure 3. 

The upper and lower bits of the 16-bit counters are split into the 

middle and lower layers to reduce the pixel size. 

The fabrication process of the 3-layer stacked sensor is shown 

in Figure 4. (a) Field effect transistors (FETs) for the counter 

circuits in the middle layer are formed on fully depleted SOI 

(FDSOI) wafers with a 50-nm-thick device layer. (b) The via holes 

are formed in the SiO2 layer, and Au is electroplated. (c) The 

damascene process by chemical mechanical polishing (CMP) is 

applied to form the Au electrodes. (d) A thin Si layer (a few nm) 

[8] is formed as a bonding medium. (e) The wafer for the upper 

layer processed in the same manner is bonded at room temperature. 

(f) The handle layer of the middle wafer is removed by grinding 

and CMP. (g) The backside Au electrodes and the thin Si layer are 

formed in the same process as (b)-(d). (h) The wafer for the lower 

layer is bonded, and (i) the top handle layer is removed to form the 

backside-illuminated sensor. By repeating the electrode formation, 

bonding, and handle layer removal processes, the sensing circuits 

are distributed in more than three layers. The backside Au 

electrode could also be fabricated to contact with the backside of 

the diffusion layer in FET as we reported elsewhere [9], which 

gives high-density integration because interlayer connections are 

put just above and below circuits.  
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The developed sensor chip is shown in Figure 5. The pixel 

size was 39 μm square made by the 0.2-μm FDSOI logic process; 

owing to the 16-bit-counter circuit distributed in two layers, the 

pixel size reduced to 52% of the previous 2-layered sensor [10]. 

The PD was dedicatedly designed to work in the 50-nm thick 

device layer. The chip size was 20 mm square. We confirmed no 

delamination of wafers even after grinding of the handle layer and 

chip dicing. 

A cross-sectional scanning electron microscope (SEM) image 

of the 3-layer stacked sensor is shown in Figure 6. We observed no 

void or separation at the bonded interfaces. The diameter of the Au 

electrodes was 5 μm.  

 

 

(a) 

 

(b) 

Figure 5. Photographs of the (a) developed sensor chip and (b) pixels. 

 

Figure 6. Cross-sectional SEM image of the 3-layer stacked sensor. 

Measurement Results 
Input-output characteristics of the test pixel circuit were 

measured (Figure 7). The test pixel was designed without a PD but 

with an electrical current input instead of photocurrent. We 

confirmed the linear response of the 16-bit digital signal output 

generated by the counters in the middle and lower layers, 

indicating the high bit-depth and wide dynamic range of the ADC 

with excellent linearity.  

Figure 8 shows the input-output characteristics of the 3-layer 

stacked sensor, where the median value for all pixels was plotted. 

The output was unchanged in the lower illuminance due to the dark 

current of the PD in FDSOI, where PD is subject to surface trap. 

The dark current could be suppressed using the CMOS image 

sensor process for the PD layer instead of FDSOI, as demonstrated 

in the previous 2-layered sensor [10]. The output increased 

corresponding to the input in the higher illuminance. An example 

of a QQVGA video image captured by the developed sensor is 

shown in Figure 9, where the lower 8-bit output signal was 

displayed after a dark signal was subtracted. The frame rate was set 

to be 30 fps. We successfully confirmed the operation of the 3-

layer stacked pixel-parallel CMOS image sensor for the first time. 

 

 

Figure 7. Input-output characteristics measured on the test pixel circuit.  

 

Figure 8. Input-output characteristics of the 3-layer stacked sensor.  
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Figure 9. Example of QQVGA (160  120 pixels) video image captured by the 

developed sensor. 

Conclusion  
A 3-layer stacked pixel-parallel CMOS image sensor was 

developed using the hybrid bonding of SOI wafers. The SOI 

process allows face-to-back bonding to accommodate more than 

three layers of devices. A thin Si layer was introduced as a bonding 

medium to ensure bonding strength. The developed sensor 

successfully captured video images, with all pixels operating as 

pixel-parallel ADCs without pixel defects. The multi-layer 

stacking process is promising not only for image sensors of 

ultimate performances but also for various integrated devices such 

as logic circuits, memories, microelectromechanical systems, and 

sensors. 
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