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          In this paper, we present a highly-sensitive gate/body-tied (GBT) metal-oxide semiconductor field-effect transistor (MOSFET)-type photodetector using multi-finger structure whose photocurrent increases in proportion to the number of fingers. The drain current that flows through a MOSFET using multi-finger structure is proportional to the number of fingers. This study intends to confirm that the photocurrent of a GBT MOSFET-type photodetector that uses the proposed multi-finger structure is larger than the photocurrent per unit area of the existing GBT MOSFET-type photodetectors. Analysis and measurement of a GBT MOSFET-type photodetector that utilizes a multi-finger structure confirmed that photocurrent increases in ratio to the number of fingers. In addition, the characteristics of the photocurrent in relation to the optical power were measured. In order to determine the influence of the incident the wavelength of light, the photocurrent was recorded as the incident the wavelength of light varied over a range of 405 to 980 nm. A highly-sensitive GBT MOSFET-type photodetector with multi-finger structure was designed and fabricated by using the Taiwan semiconductor manufacturing company (TSMC) complementary metal-oxide-semiconductor (CMOS) 0.18 um 1-poly 6-metal process and its characteristics have been measured.
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      1. INTRODUCTION
      Digital still cameras and mobile phones that effectively acquire video information using image sensors are widely used. The manufacturing processes and application methods can be broadly classified into charge coupled device (CCD) type image sensors and complementary metal-oxide-semiconductor (CMOS) type image sensors. CMOS image sensors are both highly integrated and highly efficient tools for acquiring image information. CMOS image sensors allow for the use of peripheral circuits that convey a number of benefits pertaining to unit pixel size, image resolution, power consumption and cost. These advantages are utilized in various fields, and related research is currently being conducted [1-3]. Indicators for evaluating CMOS image sensors include dynamic range, sensitivity, and resolution. Sensitivity is the amount of signal voltage relative to the amount of incident light. Higher sensitivity results in clearer images even in a dark environment as well as more signal power and consequently a larger signal-to-noise ratio. Recently, among the research fields involved with the study and production of image sensors, research on CMOS photodetectors has been of particular interest. The p-n junction photodetector commonly used in CMOS image sensors has a good dynamic range but has the disadvantage of low sensitivity. Types of photodetectors include p-n junction photodetectors, pinned photodiodes (PPDs), MOSFET photodetectors, and single photon avalanche photodiodes (SPADs) [4-10].

      In this study, a GBT MOSFET-type photodetector using multi-finger structure has been designed and fabricated using the TSMC 0.18 um CMOS 1-poly 6-metal process. The drain current flowing through the MOSFET using multi-finger structure is proportional to the number of fingers [11-14]. It is attempted to confirm that the photocurrent of the GBT MOSFET-type photodetector using the presented multi-finger structure is larger than the photocurrent of the conventional GBT MOSFET-type photodetector per unit area.

      The characteristics of the photocurrent according to the number of fingers and the characteristics of the photocurrent according to the intensity of the incident light were evaluated by measurement. In addition, the characteristics of the photodetector were comparatively analyzed in the wavelength range of 405 - 980 nm of the incident light.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Multi-finger MOSFET
        Fig. 1 (a) shows a layout of a conventional MOSFET and Fig. 1 (b) shows a layout of a MOSFET using multi-finger structure. The MOSFET has one gate, while the MOSFET using the multi-finger structure has five gates. The saturated drain current Id of the MOSFET is as shown in the equation (1).
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          Fig. 1. 
				
          

          
            (a) Layout of a conventional MOSFET and (b) layout of a MOSFET using multi-finger structure.
          
          

          

        

        where Vgs is the voltage between the gate and source, Cox is the gate capacity per unit area, and VT is the threshold voltage. μn is the average electron mobility, and width (W) and length (L) are the effective channel width and length, respectively. The Id of the multi-finger MOSFET is as shown in equation (2) [11-14].
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        where Vgs is the voltage between the gate and source, Cox is the gate capacity per unit area, and VT is the threshold voltage. μn is the average value of electron mobility, and W and L are the effective channel width and length, respectively. Nf is the number of fingers. It can be seen from the above equation that Id increases as Nf increases.

      

      
        2.2 GBT MOSFET-type photodetector using multi-finger structure
        Fig. 2 (a) shows the symbol of a GBT p-channel MOSFET-type photodetector using multi-finger structure. In order to measure the photocurrent (Iph) generated by the incident light on the active region of a GBT MOSFET-type photodetector using the multi-finger structure, a GBT MOSFET-type photodetector using the multi-finger structure was designed with the structure presented in Fig. 2 (a). Fig. 2 (b) shows that the gate node of the GBT p-channel MOSFET-type photodetector using the multi-finger structure is physically tied to the body node. In addition, it shows that each source node, drain node, and gate node are designed to be tied together. In the GBT MOSFET-type photodetector using the multi-finger structure, the area excluding the gate is shielded by a metal wire. Therefore, the light only enters the gate area. Some photons with short wavelengths are absorbed in the polysilicon gate, resulting in the reduction of sensitivity, while photons with long wavelengths are mostly absorbed by the substrate. Incident light passing through the gate creates electron-hole pairs in the depletion region. The holes drift towards the channels and the P substrate, and electrons accumulate in the N-wells due to the high potential barrier. Since the gate of the accumulated electrons is tied to the N-well, the gate voltage of the GBT MOSFET-type photodetector utilizing the multi-finger structure is reduced, and the potential barrier of the N-well is reduced. A channel is formed by a decrease in the gate voltage, and a current flows through the channel. In addition, the accumulated electrons generate an N-well negative voltage and generate positive feedback to the gate via the gate / N-well connection. The photocurrent of the GBT MOSFET-type photodetector is greatly amplified by this positive feedback mechanism [9-10]. A GBT MOSFET-type photodetector using the multi-finger structure has the same operating principle as the conventional GBT MOSFET-type photodetectors. However, since the photocurrent increases by the number of fingers, it has a higher photosensitivity for the same area.

        
          
          

          Fig. 2. 
				
          

          
            GBT p-channel MOSFET-type photodetector using multi-finger structure; (a) symbol, (b) layout.
          
          

          

        

        Fig. 3 shows the layout of the manufactured GBT MOSFET-type photodetector using the multi-finger structure, which is designed for each of (a) Nf = 1 (W/L = 10/1) and (b) Nf = 5 (W/L = 50/1).

        
          
          

          Fig. 3. 
				
          

          
            Layout of the manufactured GBT MOSFET-type photodetector using multi-finger structure (a) Nf = 1 (W/L = 10/1) and (b) Nf = 5 ( W/L = 50/1).
          
          

          

        

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      Fig. 4 shows an experimental environment in which a probe station was used to measure the photocurrent of the presented photodetector. Using laser diodes, the incident light was emitted at a total of 6 wavelengths of 405 nm, 520 nm, 650 nm, 780 nm, 850 nm, and 980 nm. A collimator was used to focus the light emitted by the laser diode onto the chip.

      
        
        

        Fig. 4. 
				
        

        
          Experimental environment for photocurrent measurement of photodetectors.
        
        

        

      

      Fig. 5 shows the photocurrent measurement results relative to the source voltage of the GBT MOSFET-type photodetector using the multi-finger structure for the 780 nm wavelength. A laser diode with a wavelength of 780 nm was used as a light source, and the optical power was held constant at 10 μW. Dark current of the photocurrent for the 780 nm wavelength was 60 pA, when Nf = 5 (W/L = 50/1) and VSD = 1 V. This value is negligible compared to the photocurrent of the photodetector and thus neglected when calculating the photocurrent ratio.

      
        
        

        Fig. 5. 
				
        

        
          Photocurrent measurement results according to the source voltage of the GBT MOSFET-type photodetector using the multi-finger structure Nf = 1 (W/L = 10/1) and Nf = 5 ( W/L = 50/1).
        
        

        

      

      Table 1 shows the ratio of the measured photocurrent with respect to the number of fingers when VSD = 1 V of the photodetectors in Fig. 5. It can be seen that the ratio of the photocurrents is 4.92, meaning that the multi-finger GBT has a photocurrent approximately 5 times that of a conventional GBT when Nf = 5.

      
        Table 1. 
				
        

        
          Ratio of the measured photocurrent by the number of fingers when VSD = 1 V for the photodetectors in Fig. 5.
        
        

      

      
        
          
            	
            	W/L (μm/μm)
            	Photocurrent (A)
            	Photocurrent ratio
          

        
        
          	Conventional GBT (Nf = 1)
          	10/1
          	0.65 μ
          	4.92
        

        
          	Multi-finger GBT (Nf = 5)
          	50/1
          	3.2 μ
        

      

      

      Fig. 6 shows the photocurrent measurement corresponding to the optical power of the GBT MOSFET-type photodetector using multi-finger structure. A laser diode with a wavelength of 780 nm was used as the light source. The output optical power of the laser diode was measured under the conditions of 5, 10, 20, 50, and 100 μW. It can be seen that as the optical power increases, the photocurrent flowing through the photodetector increases, and as the intensity of the optical power increases, the rate of increase in the photocurrent decreases.

      
        
        

        Fig. 6. 
				
        

        
          Photocurrent measurement results according to the optical power of the GBT MOSFET-type photodetector using multi-finger structure (wavelength 780 nm) (a) Nf = 1 (W/L = 10/1) and (b) Nf = 5 (W/L = 50/1).
        
        

        

      

      Fig. 7 shows the photocurrent measurement results for each wavelength of the GBT MOSFET-type photodetector using the multi-finger structure for Nf = 1 (W/L = 10/1) and Nf = 5 (W/ L = 50/1). The wavelength of incident light of the laser diode used for the measurement was 405 nm - 980 nm. The optical power was equally set at 10 μW. In Fig. 7, when Nf = 1, the measured photocurrent at all wavelengths was in the range of about 1.29nA - 652nA. When Nf = 5, the photocurrent was in the range of about 6.67nA - 3.24μA. As a result of measuring and comparing the photocurrents of the GBT MOSFET-type photodetector using the multi-finger structure, it was confirmed that the photocurrent increased about 5 times in proportion to the number of fingers at a wavelength of 405 nm - 980 nm. In addition, it was confirmed through measurement that the photocurrent of the GBT MOSFET-type photodetector using the multi-finger structure was maximized at an incident light wavelength of 780 nm. It can be seen that this result is similar to that of the conventional Si p-n junction photodetector [15-16]. Below 780 nm, as the wavelength decreases, more photons are absorbed near the surface, resulting in the decrease of photocurrent. Above 780 nm, as the wavelength increases, absorption coefficient decreases, resulting in the decrease of photocurrent.

      
        
        

        Fig. 7. 
				
        

        
          Photocurrent measurement results according to wavelength of the GBT MOSFET-type photodetector using multi-finger structure for Nf = 1 (W/L = 10/1) and Nf = 5 (W/L = 50/1).
        
        

        

      

    

    

  
    
      4. CONCLUSIONS
      In this paper, a highly-sensitive GBT MOSFET-type photodetector with multi-finger structure was designed and fabricated by using the TSMC CMOS 0.18 um 1-poly 6-metal process. It was confirmed by measurement that the photocurrent of the GBT MOSFET-type photodetector using the multi-finger structure increased in proportion to the number of fingers. In addition, it was found that the photocurrent flowing through the photodetector increased as the optical power increased, and it was confirmed through measurements that the rate of increase in the photocurrent decreased as the intensity of the optical power increased. Then, when the wavelength of the incident light was measured in the range of 405 nm - 980 nm, it was confirmed through the measurement that it had a maximum photocurrent at the wavelength of 780 nm.

      With the recent developments of processing technology, the area of the chip is gradually getting smaller, and the area of the photodetector is getting smaller as well. As the area of the photodetector becomes smaller, the photocurrent flowing through the photodetector also becomes smaller. However, with a GBT MOSFET-type photodetector using the multi-finger structure presented in this paper, it is possible to make a photodetector with high sensitivity while minimizing its area. Therefore, it is expected that the presented photodetector will be suitable for many applications requiring high sensitivity and small area in the visible and near infrared (NIR) ranges.
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