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Abstract 

A single chip Photoplethysmography(PPG) sensor was 

developed for continuous measurements of heart rate from a mobile 

device. In order to utilize it in various mobile applications, it was 

necessary to achieve low power and small size of PPG sensors. For 

low power and small chip size of the PPG sensor, a photodiode(PD) 

for sensing signals and an analog front end(AFE) for signal 

amplification and ADC should be implemented in a single chip. The 

single chip PPG sensor which is implemented on a standard CMOS 

process with low operating voltage could be more suitable for 

mobile devices. In order to operate at a low voltage, reduction of Si 

thickness is required, and for this, high quantum efficiency(QE) of 

43% at 940nm were obtained at 3um thickness by back side 

trench(BST) pattern and ARL optimization. In addition, to improve 

the performance of the PPG sensor, the leakage current of <0.1nA 

and capacitance of <200pF were measured by 20um pixel array. As 

a result, the low-power, small size single-chip PPG sensor showed 

similar performance to conventional high-voltage and large PPG 

sensor. 

Introduction  
Recently, the technology is migrated to wearable devices such 

as wrist-worn smart watch or a wireless ear set. Among them, PPG 

sensor is a health sensor that measures the change in blood flow to 

be modulated by the heart rate. When a separate light source (LED) 

is irradiated to the skin, the light absorption by the blood vessel is 

changed in synchronization with the heart rate. A sensor measures, 

transmitted or reflected signal represented in Amplitude Modulation 

It has been used for a long time as a medical tool to measure oxygen 

saturation (SpO2) in a patient's finger in an emergency status[1]. For 

the use of PPG sensors as various health care products, features of 

low power and smaller size are essentially required. 

 

Figure 1. (a) Separated chip PPG sensor and (b) Single chip PPG sensor 

 

As shown in Figure 1 the current PPG sensor has a structure 

in which photodiode and AFE are separated[1]. Due to this, 

application fields are limited, and a low power and miniaturized 

single chip PPG sensor was required for use as a small biosensor, 

but it was very difficult to implement. The reason was that the 

existing PPG sensor cannot use the conventional CMOS process 

because the thickness of PD reaches hundreds of um and the 

operating voltage is high. Moreover, if the PPG pixel was made 

small, it was difficult to operate normally due to poor sensitivity 

and increased capacitance.   

In this paper, we developed a single chip PPG sensor that showed 

the same level of leakage current, capacitance, and IR sensitivity. 

For a PPG sensor to operate normally, leakage current and 

capacitance were important from an electrical point of view, and 

sensitivity was important from an optical point of view. 

 

Electrical characteristics 
Photo diode leakage current 

The PPG sensor with single chip structure was connected to 

the photodiode(PD) and Transimpedance amplifier(TIA). It was 

the structure in which photo current by LED light reflected from 

blood vessel in Photodiode was converted to Voltage by the 

operation of TIA. Since the PPG pixel measures the photo current 

generated by light reflected by blood vessels, the signal may be 

distorted if the leakage current increases in the dark state. Leakage 

current can cause problems not only in product problems such as 

devices, circuits, and processes, but also in environmental 

problems such as physical damage or high temperature and 

humidity. When a pixel is composed of one large photodiode, if 

the leakage current increases, the pixel cannot operate normally. 

So we wanted to make a new structure. First, we created a 

pixel array that is traditionally used in CIS, and divide it into 

several sections with switches that control on and off. Then, all 

outputs were combined again.  

Figure 2. (a) Unit pixel (b) Pixel array divided into areas with comparator 
 

Figure 2 shows that after dividing the pixel array into multiple 

zones, if a lot of leakage current occurs, the comparator blocks the 
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signal in that zone. By using this method, even if a lot of dark 

current occurs at any pixel, only the signal of the zone is blocked 

and the rest of the zone can operate normally. Blocking some zone 

signals can reduce the effective area and reduce sensitivity, but it 

can be compensated by an algorithm that copies signals from 

neighboring areas. We achieved a dark current of less than 0.1nA 

at 25°C, which is typical product level. In addition, by using an 

array structure controlled by a switch, it can operate normally even 

if the dark current increases. 

 

Photo diode capacitance  

Figure 3. (a) Typical PD and TIA (b) PD modeled with Ideal Elements 

 
As shown in Figure 3, the new PPG sensor has a photodiode 

and a TIA connected, so the photodiode can be represented by an 

equivalent circuit that connects a current source, a resistor, and a 

capacitance. In order to support fast switching (<20us) PD while 

ensure stable sensor operation, small PD capacitance (<500pF) is 

required for a TIA. Moreover, small CD(PD capacitance) will help 

TIA to minimize noise amplification originated in combination of 

CF(Feedback capacitance) in Figure.3. First, in order to reduce the 

junction capacitance, the doping concentration of the PN junction 

should be reduced, but in this case, the resistance between Si and 

metal contacts increases. So, we found the process condition for 

ohmic contact and could control the PN junction leakage by 

optimization of layout and process.  
 

Figure 4. PD capacitance according to pixel pitch 

In addition, pixel capacitance has a parasitic cap as well as a 

junction cap. As shown in Figure 4, as the pixel pitch decreases, 

the metal line becomes more complex and the parasitic cap 

increases. 

In summary, the smaller the pixel pitch, the larger the 

capacitance value, and the larger the pixel pitch, the smaller the 

effect of controlling the dark current by dividing the zone. In this 

trade-off relationship, we found the optimal condition under the 

low power condition of VDDA 0.9V. 

 

Optical characteristics 
IR Quantum efficiency 

For the low power PPG sensor, a low power IR light source 

should be used instead of the commonly used green light source. 

However, the light in the long wavelength region has a low 

quantum efficiency, so it is difficult for the PPG sensor to operate 

normally. We compared the light source with a wavelength of 

540nm and 940nm and found that the sensitivity decreased from 

0.37A/W (540nm) to 0.08A/W (940nm). By the following 

equation (1), it can be seen that the QE of the 940 nm wavelength 

is reduced to about 10% compared to about 80% of 540 nm. 

 

               Responsibility (Sensitivity) = (Q.E.)*e/hv                 (1)                      

 

For a PPG sensor to operate normally at a wavelength of 940 nm, 

the sensitivity should be 0.3 A/W, which is equivalent to about 

40% QE. As mentioned earlier, we have made the Si thickness 

thinner from hundreds of um to 3um to implement a single chip 

PPG sensor. But it was difficult to raise the IR QE because the 

light path decreases as the Si thickness becomes thinner. 
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Figure 5. IR QE improvement item (a) Si thickness of conventional PPG PD, 
(b) Scattering effect by micro lens and BST pattern and (c) ARL optimization 
for IR 

 

So as shown in Figure 5 we applied pixel processing 

techniques such as forming BST patterns, applying micro lenses, 

and modifying anti-reflection layers(ARL) to increase the QE of 

long-wavelength light sources[2]. Since the IR light source has a 

small photon energy, it was necessary to increase the light 

absorption rate due to ARL optimization, and increase the light 

travel path using the micro lens focusing and scattering effect of 

the BST pattern. In general, increasing the Si thickness is the most 

effective method, but we needed to reduce the Si thickness for 

miniaturization, so we had to increase the light path in the 

horizontal direction.  

Figure 6. Quantum efficiency with increasing BST density 
 

Figure 7. QE spectrum according to wavelength 

As shown in Figure 6, we confirmed that the QE also 

increases as the pattern density of the BST increases. This is 

because the optical path is increased due to the BST pattern. The 

trend was the same between the optical simulation and the actual 

measurement results, and we used array of BST structures per unit 

pixel. And figure 7 shows the result of comparing the response and 

QE according to the wavelength before and after applying the IR 

QE improvement item. The reason for the decrease in sensitivity 

and QE at 550 nm is that the ARL is optimized for IR. 

Conclusion  
We reduced the thickness of the photodiode from hundreds of 

um to 3um, and by integrating large area pixel together with AFE, 

the sensor realizes low power, small size without compromising 

dynamic range >80dB supported by existing solution (PD and AFE 

separated). For that, we achieved a dark current of less than 0.1nA, 

a pixel capacitance of 200pF with a 20um pitch pixel utilizing the 

CIS pixel array structure and latest CMOS process. In addition, 

despite the 3um Si thickness, the QE of the IR light source is 

improved by 43%, and the operating voltage is lower from 5V to 

0.9V, which enables lower power operation than before. 

 In summary, we developed a single chip PPG sensor that 

combines PD and AFE into one. And it was free from dark current 

by utilizing PD array structure instead of single large PD. Since the 

pixel capacitance of our PPG sensor was 200pF, which was smaller 

than 500pF (the standard for normal operation), so there was no 

noise problem and achieved a dynamic range of 89dB. The thickness 

of the PPG pixel has been thinned from hundreds of um to 3um, 

enabling product miniaturization. In addition, due to the decrease in 

Si thickness, the optical path has been reduced to about 1/100. 

Nevertheless, through the latest process technology, the QE of the 

IR light source was improved by 43%. And operating voltage lower 

than 0.9V enabled low power consumption. Therefore, single chip 

PPG pixel can be used not only in ear set but also in various 

healthcare fields. 
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