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Abstract

:

Recently, the demand of a high resolution complementary metal-oxide semiconductor (CMOS) image sensor is dramatically increasing. As the pixel size reduces to submicron, however, the quality of the sensor image decreases. In particular, the dark current can act as a large noise source resulting in reduction of the quality of the sensor image. Fluorine ion implantation was commonly used to improve the dark current by reducing the trap state density. However, the implanted fluorine diffused to the outside of the silicon surface and disappeared after annealing process. In this paper, we analyzed the effects of carbon implantation on the fluorine diffusion and the dark current characteristics of the CMOS image sensor. As the carbon was implanted with dose of 5.0 × 1014 and 1 × 1015 ions/cm2 in N+ area of FD region, the retained dose of fluorine was improved by more than 131% and 242%, respectively than no carbon implantation indicating that the higher concentration of the carbon implantation, the higher the retained dose of fluorine after annealing. As the retained fluorine concentration increased, the minority carriers of electrons or holes decreased by more Si-F bond formation, resulting in increasing the sheet resistance. When carbon was implanted with 1.0 × 1015 ions/cm2, the defective pixel, dark current, transient noise, and flicker were much improved by 25%, 9.4%, 1%, and 28%, respectively compared to no carbon implantation. Therefore, the diffusion of fluorine after annealing could be improved by the carbon implantation leading to improvement of the dark current characteristics.
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1. Introduction


Recently, demand for CMOS (complementary metal-oxide semiconductor) image sensors is rapidly increasing due to broad application of multi-cameras and 3D cameras in smartphones and the expansion of 5G technology. It is predicted that the demand for image sensors will also keep increasing rapidly in diverse applications such as autonomous vehicles, machine vision, and IoT (internet on things) technology. In particular, the demand for high resolution image sensors over 10–13 mega-pixel is expected to increase continuously, therefore the development of high-pixel CMOS image sensors draw a great attention [1,2]. In the high resolution CMOS image sensors, the pixel size continued to decrease to lower than 0.7 μm × 0.7 μm [3]. As the pixel size decreases to submicron, the light receiving area decreases, thus the quality of the sensor image decreases. Therefore, it is very important to improve performances and quality of the image sensor while reducing the pixel size. The pixel of the CMOS image sensor serves as a light receiving unit and converts photons into electrical signals. As the pixel size decreases, the light receiving area and the size of the transistors also decrease, resulting in change in the performances of image sensors such as saturation, sensitivity, dark current, and image lag. As the pixel size decreases, the dark current can act as a large noise source even though a small amount of the dark current is generated. Since the dark current occurs even without light, it has a great influence on the sensor performances, in particular, deterioration of the image quality. The dark current is mainly caused by a minority carrier present in silicon, that is, unintended electrons. It is physically impossible to completely remove the dark current, and the dark current must be minimized only by optimizing the image sensor design and process. In particular, minority carriers caused by heavy metal ions, crystal defects, or imperfect defects at the end of the crystal [4], which inevitably occur during the pixel manufacturing process, should be suppressed as much as possible. The novel technologies to minimize the density of the trap state or dangling bond should be required in these days.



The ion implantation technology played an important role in improving the dark current properties. In high resolution image sensor, the required implantation dosage should be higher for smaller pixels, and a higher implantation dosage will result in higher dark currents due to implantation damage. Several implantation processes were added in order to optimize the transistors and fabricate a specific structure such as PPD (pinned photodiode) [5,6,7], which is an insulating structure. It was known that PPD structure showed no image delay and a low dark current with little noise. However, since metal contamination such as tungsten (W) created a trap state, it became the root cause of the dark current. To solve this problem, a plasma shower technology that uses an RF plasma generation method was typically used instead of W [8,9]. To reduce the density of the trap state, a fluorine implantation technology was commonly used in silicon wafer. Since the fluorine has a strong electronegativity, it breaks the weak deformed silicon bonds and forms the strong Si-F bonds [10,11,12]. These fluorine bonds were known to be very effective in reducing the trap state density and passivating the unsaturated bonds [10,11,12]. Ha et al. [13] reported that the dark current properties could be improved as a result of selective application of the fluorine implantation to the NMOS transistor of a CMOS image sensor. In particular, the fluorine was implanted into a source follower, which was an amplifying transistor, to improve the temporal noise. However, it was found that if the fluorine was implanted and subsequently annealed at a high temperature (>550 °C), some of the implanted fluorine diffused to the outside of the silicon surface and disappeared [14,15]. Therefore, if we can control or prevent the diffusion of the implanted fluorine after annealing process, the dark characteristics such as dark current can be much improved.



In this paper, the carbon, which is known to have an effect of suppressing the ion diffusion, was additionally implanted to prevent the external diffusion of the implanted fluorine ions after the annealing. It has been reported that the implantation of the fluorine and carbon ion together at the ultra-shallow junction could reduce the external diffusion of the implanted dopant by about 40% rather than implanting fluorine alone [16]. Therefore, we performed the carbon implantation before the fluorine implantation in a CMOS image sensor, and analyzed whether the carbon implantation can prevent the fluorine diffusion to the outside of the silicon during the annealing. Ultimately, we investigated the effects of the carbon implantation on enhancing the dark current characteristics of the CMOS image sensor.




2. Principles of Fluorine Diffusion and Image Sensor Operation


2.1. Principle of Fluorine Diffusion


The phenomenon of the fluorine diffusion can be explained as follows. When the fluorine is implanted into the single crystal silicon, the silicon surface is damaged due to high energy during implantation, and at a certain level, the single crystal silicon region is changed to an amorphous silicon region. The boundary formed between the amorphous region and the single crystal region at this time is called an end of region (EOR). Afterwards, the spike annealing or RTP (rapid thermal process) process is performed to repair the damaged lattice. When the annealing process is performed over 550 °C, epitaxial growth occurs in an amorphous region along the lattice structure of the single crystal silicon, which is called a solid phase epitaxial regrowth (SPER) [17]. As SPER progresses, fluorine atoms with high electronegativity combine with silicon in the EOR region and move to the silicon surface along the direction of SPER progress. As the SPER progresses further, fluorine is partially diffused to the outside of the silicon surface and eventually disappears. Eventually, the fluorine reacts with the gate dielectric (SiO2) or Si to form SiOF2 or SiF4 and then desorbs from the silicon surface [15]. A part of the implanted fluorine disappears to the outside surface, so that the trap state density decreases. Consequently, the function of passivating unsaturated bonds of the fluorine are partially lost.




2.2. Principle of Image Sensor Operation


Figure 1 is the schematic drawings of an image sensor. The light receiving part of the image sensor is composed of a micro-lens for efficiently integrating as much light as possible and a color filter for transmitting only a specific color. In addition, there are photodiodes (PD) that generate electrons by receiving transmitted light and a transfer transistor (Tx) that moves signal electrons to floating diffusion (FD) which converts signal electrons to voltage. In addition to the transfer transistor, there are three additional transistors for the analog circuit operation which are a reset transistor (Rx), an amplifier transistor (Dx), and a select transistor (Sx). Here, three transistors are divided into a PXT (pixel transistor) region to distinguish the N+ formation of the transistor.



The operation principle of the image sensor is that when an intended amount of light is incident on the photodiode, the light energy reaches a depletion region inside the photodiode shown in Figure 1, and an electron-hole pair is generated by the light energy. Subsequently, in the electron-major pair, according to the energy distribution, all of the holes in the P-type photodiode are drained to ground, and the electrons are collected into the N-type photodiode. Next, the operation of analog circuits for reading out electrons collected in the photodiode is carried out. When photoelectrons are accumulated in the photodiode for a certain period of time, the reset transistor is turned on and off after the select transistor is turned on, thereby resetting the voltage of the FD of the amplifying transistor. At this time, the signal is read once. Immediately after that, the transfer transistor is turned on and off, and electrons from the photodiode are transferred to the FD. Then, it is immediately read again, and the difference from the previous reset voltage is stored as an image signal of the pixel [4].





3. Experimentals


3.1. Implantation Process and Characterization


First, only the N+ formation process was applied on the silicon wafer in order to investigate the effect of the carbon implantation on the diffusion of fluorine and on the dark current characteristics. The total of four P-type silicon wafers (100) with the size of 300 mm were used. Since the N+ formation process conditions can affect each transistor differently, the carbon implantation was applied only to the FD region, which is the drain of the transfer transistor, excluding the PXT region. That is, in order to measure the dark current characteristics, the ions were implanted into the region of the pixel’s transfer transistor floating diffusion. Figure 2 exhibits the flow chart of the overall process. As a first step, the carbon was implanted into the P-type bare silicon wafers with the size of 300 mm without special treatment. The three different dose conditions were applied on the wafer which were no carbon implantation, 5 × 1014 ions/cm2, and 1 × 1015 ions/cm2. The implanted energy was 5 keV. After carbon implantation, the fluorine implantation was carried out with an energy of 8 keV and a dose of 1 × 1015 ions/cm2. As shown in Figure 1a, in order to minimize trap state at the Si-SiO2 interface, the fluorine implantation was performed under the conditions of tilt 15° and twist 90° so that ions can be implanted into the silicon region at the bottom layer of SiO2 in the transfer transistor gate. As the third process, arsenic (As) was implanted with the implantation energy of 20 keV of and a dose of 4 × 1014 ions/cm2. High current implanter (VIISta Trident, AMAT, CA, USA) was used as the ion implantation equipment. Finally, the annealing process was conducted at 1050 °C for 20 s under conditions of a ramp up rate of 75 °C/s using RTP equipment (Vantage, AMAT, CA, USA). To determine the effect on the ion implantation, the sheet resistance of the wafer was measured using a sheet resistance meter (VR120SD, KOKUSAI, Tokyo, Japan) at a 4-point probe station. Forty-nine points in the wafer were measured, and the average value was used. SIMS (secondary ion mass spectrometry) (SC-Ultra, CAMECA, Gennevilliers, France) was used to analyze the concentrations of arsenic, fluorine and carbon implanted into the wafer after ion implantation.




3.2. Fabrication of Image Sensor


In order to analyze the characteristics of the dark current, the operation of the image sensor is required. Therefore, to measure the dark current, the image sensors were fabricated so that the pixel could operate after the carbon implantation process. For the analysis of dark current characteristics, the implantation of fluorine and carbon was conducted after the gate oxide formation during fabrication of the image sensor. Also, the carbon, fluorine, and arsenic ions were directly implanted to the silicon while the gate oxide was masked with photoresist. That is, the implanted regions for the SIMS analysis and image sensor analysis were both the silicon surface. The dark current characteristics were evaluated under three different carbon implantation conditions: no carbon implantation, dose of 5 × 1014 ions/cm2, and dose of 1 × 1015 ions/cm2. After carbon implantation, the image sensors having four transistors (4T) including a pinned photodiode (PPD) were fabricated using a 300 mm P-type silicon wafer (100). The technology of the image sensor was 40 nm, and the number of pixels were 5564 × 4416. As shown in Figure 1, the pinned photodiode pixels are composed of four NMOS transistors including a pinned photodiode (PD), a transfer transistor (Tx), a reset transistor (Rx), an amplifying transistor (Dx), and a select transistor (Sx) [18]. Three image sensor wafers were fabricated for different carbon implantation conditions. Table 1 summarizes the detailed implantation conditions performed in this study. In particular, for ③⑤⑦ process, the image sensor was manufactured to measure the dark current. The image sensor performances, especially the dark current characteristics including dark current, hot pixels, and temporary noise, were measured with the Advantest T2000 equipment.





4. Results and Discussion


4.1. Measurements of Concentration and Sheet Resistance


The SIMS analysis was performed to analyze the changes in concentration of carbon, fluorine, and arsenic ion according to the depth into the wafer before and after the annealing process. The influence of the carbon concentration on the fluorine diffusion, the defect region of the EOR generated during implantation, and concentration change after the annealing process were analyzed. Figure 3a shows the SIMS profile of the carbon concentration before and after annealing for the case where only carbon is implanted into the wafer. When the carbon was implanted with a dose of 5.0 × 1014 ions/cm2, it was found that the carbon was evenly diffused throughout the depth direction of the wafer after the annealing process. On the while, in the case of the carbon with a dose of 1.0 × 1015 ions/cm2, there was little change in concentration before and after the annealing process. It should be noted that when looking at the carbon concentration curve after the annealing, two peaks were formed, of which the concentration of carbon was highest in the first peak occurring at a depth of 200 Å. It was thought that this region is a defect band in the EOR region generated during carbon implantation, which is the boundary between the amorphous region and the single crystal region, and after the annealing process, most of the carbon was accumulated in this region, thus the carbon concentration is considered to be the highest in this region [16].



If we integrate the carbon concentration of the SIMS profile in Figure 3a, we can obtain the retained dose of carbon remaining after the annealing as shown in Figure 3b. In the case of the carbon implantation of 5.0 × 1014 ions/cm2, it can be seen that the carbon retention dose before and after the annealing was around 5.0 × 1014 ions/cm2, indicating that there was no change in the carbon retention dose after the annealing process. In the case of high carbon dose of 1.0 × 1015 ions/cm2, the carbon retention dose before annealing was 9.8 × 1014 ions/cm2, and the carbon retention dose after annealing was 9.6 × 1014 ions/cm2, indicating that there was no significant change in the retained dose. That is, it can be seen that the implanted carbon did not diffuse to the outside after the annealing and remained in the wafer.



Figure 4a shows the concentration of fluorine remained in the wafer before and after the annealing, in which fluorine with a dose of 1 × 1015 ions/cm2 was additionally implanted into the wafer after carbon implantation. Three different carbon implantation condition were also used: no carbon implantation, and the doses of 5.0 × 1014 ions/cm2, and dose of 1.0 × 1015 ions/cm2. The concentration of fluorine decreased after annealing implying that fluorine was mostly diffused to the outside of silicon after annealing. In particular, when the carbon was not implanted, the concentration of carbon after the annealing decreased significantly. In case of high carbon dose of 1.0 × 1015 ions/cm2, the fluorine concentration after annealing is high. In addition, the largest peak of fluorine was found at a depth of 200 Å, which is the same location as the carbon SIMS profile in Figure 3a, and it can be seen that fluorine remains at a high concentration in this region.



In this region, the implanted carbon interacts with some of the point defects in the silicon, and also interacts with the vacancies generated near the surface. This interaction will prevent the diffusion of fluorine at high temperatures after the fluorine implantation. On the other hand, when only the fluorine is implanted without carbon implantation, the vacancies in which the fluorine is present extends well to the EOR and is initially rich near the silicon surface. However, during the annealing at high temperatures, the fluorine becomes rich and eventually diffused to outside. As mentioned above, this region is a defect band in the EOR region that was created during implantation, and the fluorine was not diffused due to carbon, therefore the fluorine concentration became the highest in this region [16]. Figure 4b is the results of the retained dose of fluorine remained after annealing by calculation of integrating the SIMS profile. In the absence of carbon implantation, the fluorine concentration after the annealing was reduced sharply compared to before the annealing. That is, the concentration of fluorine decreased due to diffusion of fluorine to the outside of the silicon surface. In the absence of carbon implantation, the retained dose of fluorine remained after annealing is 3.3 × 1013 ions/cm2. On the while, when the carbon was implanted with 5.0 × 1014 ions/cm2, the retained dose of fluorine was 7.7 × 1013 ions/cm2, indicating that 131% of fluorine remained more than when there was no carbon. As the carbon was implanted with 1 × 1015 ions/cm2, the retained dose of fluorine was 1.1 × 1014 ions/cm2, indicating that 242% of fluorine remained more. Therefore, it was found that the higher dose of the carbon implantation, the higher the retained dose of fluorine after annealing. Similar to the results reported that the implantation of carbon has the effect of inhibiting the diffusion of boron [16], the carbon implantation acts in the same way for fluorine, thereby preventing the diffusion of fluorine.



The interaction between carbon and fluorine can be summarized as follows. Numerous defects occur in the silicon wafer during the semiconductor manufacturing process. These defects should be minimized since they can affect the electrical activation of the transistor. Among many defects, the representative defects are point defects, and point defects can be classified into defects caused by internal factors and defects caused by external factors. Defects caused by internal factors are also classified into vacancy defects and self-interstitial defects, and defects caused by external factors are classified into substitution foreign atoms and interstitial foreign atoms. Atoms presented in the silicon wafer will diffuse through interactions with these defects.



When the fluorine is implanted into the single crystal silicon and then annealing process is performed, besides the Si self-interstitials defect, the point defect F interacts with the vacancies generated near the surface during implantation. The most stable cluster F that can form in this region is the fluorine-vacancy cluster (FnVm) [19,20,21]. This cluster is immobile, but will be annihilated by interstitials defect at high temperature. That is, the vacancies concentration in the fluorine-implanted region extends well into the EOR, and the FnVm clusters near the silicon surface are initially vacancies-rich, but become fluorine-rich after annealing process [16,22].



In order to control the diffusion of the fluorine, it is assumed that interactions will occur when the fluorine is implanted followed by the carbon implantation. The reason for implanting the carbon first is to increase the diffusion reduction mechanism of the carbon through the interaction of the carbon with some of the existing point defects of the silicon before fluorine interaction. it is generally agreed that any fluorine remaining after a high temperature annealing is trapped by crystalline defects [16,22,23]. That is, more fluorine can be trapped in the case of additionally implanting carbon compared to the case of implanting only fluorine because additional crystal defects [24] are generated. Thus, the con-centration of the fluorine is increased in the crystal defect region and the EOR region created by carbon implantation.



The presence and concentration of arsenic play an important role in transistor operation, such as threshold voltage and contact resistance, thus the arsenic concentration should not be changed as much as possible. It was known that when the arsenic concentration increased, the threshold voltage and contact resistance decreased, and when the arsenic concentration decreased, the threshold voltage and contact resistance increased, thereby causing a change in the operation of the transistor. Figure 5a shows the concentration of arsenic after the carbon implantation before and after annealing process. It can be seen that there is no significant difference in the concentration of arsenic after the annealing compared to before the annealing, and there is little change in the concentration of arsenic according to the carbon implantation conditions. Figure 5b exhibits the retained dose value of the calculated arsenic concentration. The arsenic concentration decreases slightly when annealing is carried out, but there is no significant difference. In addition, there is almost no difference in the concentration of arsenic before and after annealing with respect to the different carbon implantation conditions.



Next, the sheet resistance was measured for the wafer implanted with carbon, fluorine, and arsenic, respectively. As shown in Figure 6a, the sheet resistance for the various implantation conditions of no carbon, carbon dose of 5 × 1014 ions/cm2, and 1 × 1015 ions/cm2 were 302.9, 335.7, and 369.1 ohm/sq., respectively. The sheet resistance increased as the implanted carbon dose increased. In conclusion, as the carbon implantation dose increased, the fluorine concentration increased, and the increase of the fluorine concentration had a great influence on the increase of the sheet resistance. Also, as shown in Figure 6b, the correlation between sheet resistance and the retained dose of fluorine shows that R2 (correlation coefficient) is 0.99, indicating the very strong relationship. Therefore, an increase in carbon concentration contributed to an increase in the retained dose of fluorine. The passivation region of unsaturated bonds increased due to the increase in fluorine, and the minority carriers of electrons or holes decreased by strong Si-F bonds as the passivation region increased. As a result, the sheet resistance increased. That is, carrier mobility was reduced.




4.2. Evaluation of Dark Current of Image Sensor


The dark current characteristics of the image sensor were measured by fabricating the image sensors, and evaluations of defective pixels, dark current, temporary noise, and flicker were performed, respectively. The dark current was generally evaluated with measuring the current flow by changing the voltage on the image sensor in the absence of light. In this study, the dark current characteristics were analyzed by digitizing the behavior of the dark current of the image sensor and converting the code. The dark current of each pixel was converted into a voltage, and a dark current histogram was created in which the voltage was expressed in a 10-bit code format [25,26,27,28]. Firstly, we took 15 images under the condition of 60 °C without light, and calculated the average value of the output code generated from each image. After that, we converted the output voltage for each pixel into a code based on 10 bits. Finally, we could obtain a dark current histogram for three different carbon implantation conditions as shown in Figure 7: a carbon-free, a carbon does of 5 × 1014 ions/cm2, and a carbon dose of 1 × 1015 ions/cm2. In the figure, the vertical axis means the number of pixels. In the case of carbon implantation, it can be seen that the number of larger than 100 codes in the dark histogram is mostly reduced compared to the condition without carbon implantation. In particular, the second peak in the 100–150 code region has significantly decreased. As shown in Figure 7, the overall improvement of the dark current was observed after the carbon implantation. To explain the cause of the improvement, the peak regions in Figure 7 were divided into the regions A, B, and C. The region A is the dark signal generated in all pixel signals. The region B and C are the regions of the bright pixels that have an additional defect generating additional charge. The main cause of the dark current improvement in the region B was the reduction of the trap state. On the while, the main cause of the improvement in the region C was the reduction of the leakage current due to the reduction of the minority carriers.



From the dark current histogram of Figure 7, the defective pixels (hot pixel) in ppm units can be calculated by dividing the number of pixels with more than 200 codes by the total number of pixels in 10−6 units as shown in Figure 8a. That is, it is a pixel having a charge that exhibits a brightness of 20% or more in the absence of light which is expressed in ppm units. In the case of no carbon implantation, the defective pixel is 66.5 ppm. In the case of the carbon dose of 5.0 × 1014 and 1 × 1015 ions/cm2, the defective pixels are 55.3 and 50.1 ppm, respectively. Therefore, the defective pixel was improved by 17% and 25% for the case of the carbon dose of 5.0 × 1014 and 1 × 1015 ions/cm2 compared to the case in which there is no carbon implantation. Figure 8b is the dark current value. The dark current was measured by the amount of electrons generated in the PD under a temperature of 60 °C in the absence of light, and calculated by converting the output value according to the exposure time into a slope. The dark current without carbon implantation was 0.96 e−/s, on the while, the dark current under the carbon dose of 5.0 × 1014 and 1 × 1015 ions/cm2 was 0.91 and 0.87 e−/s, respectively, indicating that the dark current with carbon implantation decreased by about 9.4% compared to the condition without carbon implantation.



Noise refers to the amplification or reduction of an unwanted signal. And, the temporary noise means noise that changes over time. The temperature noise can be calculated by following process; after 100 images were taken under room temperature conditions in the absence of light, the standard deviation value for the code fluctuations between pixels in the entire image area was calculated as an average value and converted to e− unit to measure the temporary noise. The measured values for temporary noise are shown in Figure 8c. Temporary noise under the condition without carbon implantation was measured to be 4.4 e−, and the temporary noise under carbon dose of 1 × 1015 ions/cm2 was 4.3 e−, which was not a big difference compared to the condition without carbon, but the temporary noise was slightly improved. Figure 8d exhibits the measurement result for flicker. Flicker means random noise. After creating several images under room temperature conditions in the absence of light, the number of pixels whose output values of 20 images have a difference of ±30 codes or more is divided by the total number of pixels in units of 10−6, then the flicker can be calculated in ppm units as shown in Figure 8d. It can be seen that the flicker in the condition without carbon was 14.1 ppm, and the flicker generated in the carbon dose of 5.0 × 1014 and 1 × 1015 ions/cm2 was 13.6 and 10.2 ppm, respectively, showing about 28% improvement of flicker compared to the condition without carbon implantation.



In conclusion, when carbon was implanted, the overall characteristics of the dark current of the image sensor such as defective pixels, dark current, temporary noise, and flicker were improved. These results indicated the effectiveness of the carbon implantation by reducing the external diffusion of fluorine, and the remained fluorine was effective in improving the dark current characteristics of the image sensor.





5. Conclusions


In this paper, we analyzed the effects of carbon implantation on the diffusion of fluorine to the outside of the silicon surface after annealing before fluorine implantation in the N+ formation process of FD region in the CMOS image sensor. In particular, we investigated the effectiveness of the carbon implantation on enhancing the dark current characteristics of the CMOS image sensor. It was confirmed that the higher concentration of the carbon implantation, the higher the retained dose of fluorine after annealing. As the carbon was implanted with a dose of 5.0 × 1014 ions/cm2, the retained dose of fluorine was 7.7 × 1013 ions/cm2, indicating that 131% more fluorine remained than no carbon implantation. As the carbon was implanted with 1 × 1015 ions/cm2, the retained dose of fluorine was 1.1 × 1014 ions/cm2, indicating that 242% more fluorine remained. As the retained fluorine concentration increased, the minority carriers of electrons or holes decreased by more Si-F bond formation, resulting in increasing the sheet resistance. Therefore, the retained fluorine dose and the sheet resistance had a very close relationship. When carbon was implanted with 5.0 × 1014 ions/cm2, the defective pixel, dark current, transient noise, and flicker were improved by 17%, 5%, 1%, and 4%, respectively, compared to the condition without carbon implantation. In case of the carbon implantation of 1.0 × 1015 ions/cm2, the defective pixel, dark current, transient noise, and flicker were much improved by 25%, 9.4%, 1%, and 28%, respectively. In conclusion, it was found that the diffusion of fluorine after annealing could be controlled by the carbon implantation, and the dark current characteristics were improved as the remaining fluorine concentration increased.
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Figure 1. (a) Cross-sectional illustration of CMOS image sensor. (b) Schematics of 4T pixel structure. 
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Figure 2. Flow chart of the overall process including implantation and annealing process. 
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Figure 3. (a) SIMS profile of carbon concentration before and after annealing. (b) Retained dose of carbon in the wafer. 
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Figure 4. (a) SIMS profile of fluorine concentration remained in the wafer before and after the annealing. (b) Retained dose of fluorine in the wafer. 
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Figure 5. (a) SIMS profile of arsenic concentration after carbon implantation before and after annealing process. (b) Retained dose of fluorine in the wafer. 
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Figure 6. (a) Measurement results of sheet resistance. (b) Correlation between sheet resistance and the retained dose of fluorine. 
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Figure 7. Dark current histogram in conditions of carbon-free, carbon dose of 5 × 1014 ions/cm2, and carbon dose of 1 × 1015 ions/cm2. 
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Figure 8. Measurement results of dark current characteristics. (a) hot pixel, (b) dark current, (c) temporal noise, (d) flicker. 
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Table 1. Detailed implantation conditions and order with measurements of dark current characteristics.
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Process Order

	
Process Item & Condition

	
Without Carbon

	
Carbon

5 × 1014 Ions/cm2

	
Carbon

1 × 1015 Ions/cm2




	
①

	
②

	
③

	
④

	
⑤

	
⑥

	
⑦






	
1

	
Carbon

implantation

	
5 keV, 5 × 1014 ions/cm2,

Tilt 0°, Twist 0°

	

	

	

	
○

	
○

	

	




	
5 keV, 1 × 1015 ions/cm2,

Tilt 0°, Twist 0°

	

	

	

	

	

	
○

	
○




	
2

	
Fluorine

implantation

	
8 keV, 1 × 1015 ions/cm2,

Tilt 15°, Twist 90°

	
○

	
○

	
○

	
○

	
○

	
○

	
○




	
3

	
Arsenic

implantation

	
20 keV, 4 × 1014 ions/cm2,

Tilt 0°, Twist 0°

	
○

	
○

	
○

	
○

	
○

	
○

	
○




	
4

	
Annealing

	
Ramp up rate 75 °C/s,

1050 °C, 20 s

	

	
○

	
○

	
○

	
○

	
○

	
○




	
5

	
Rs

	
4-point probe, 49 point

	

	
○

	

	
○

	

	
○

	




	
6

	
SIMS

	
Carbon, fluorine, arsenic

	
○

	
○

	

	
○

	

	
○

	




	
7

	
Dark

characteristics

	
Hot pixel, dark current,

temporal noise, flicker

	

	

	
○

	

	
○

	

	
○
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