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 We proposed a quantitative method for assessing chlorophyll (Chl) content and Chl a/b ratio 
using a filter-free wavelength sensor. Initially, an experiment was conducted to simulate changes 
in Chl a and b by adjusting the light intensity at wavelengths of 650 and 660 nm. The sensor’s 
output current ratio exhibited a linear relationship with the light intensity, suggesting its potential 
for measuring Chl. Subsequently, measurements were performed using standard Chl a and b 
solutions. A strong linear correlation was observed between sensor output and Chl content, 
independent of changes in Chl a/b ratio. However, no direct correlation was found between 
sensor output and Chl a/b ratio. This inconsistency was attributed to the varying impact of Chl 
content changes on the sensor output, depending on the specific Chl a/b ratio. To address this 
limitation, we proposed a calibration method based on the relationship between Chl content and 
sensor output. By applying this calibration curve, we successfully reduced the error in Chl a/b 
ratio measurements. This approach enables the use of filter-free wavelength sensors for the 
accurate quantification of Chl content and Chl a/b ratio, offering a potential solution for on-site 
monitoring and agricultural applications.

1. Introduction

 In recent years, the global population has been steadily increasing. The United Nations 
announced in July 2024 that the world’s population would continue to grow for the next 60 years, 
reaching 10.3 billion in 2080.(1) This trend has raised concerns about food security, especially in 
countries like Japan facing an aging population and a declining number of farmers.(2–4) Ensuring 
a stable food supply necessitates attracting new farmers to agriculture. However, agriculture 
involves numerous complex techniques that can be difficult to learn and master, particularly 
owing to the annual cycle of crop growth.(5) To address these challenges, smart agriculture, 
incorporating robotics and information and communication technology, has gained 
popularity.(6–8) Optimizing growth conditions in controlled plant cultivation environments is 
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crucial for increasing productivity. This requires the accurate measurement of plant biological 
information, including photosynthesis, which is essential for plant growth as it converts light 
energy into chemical energy.(9,10) 
 Photosynthesis is carried out by chlorophyll (Chl), a pigment found in plants. Land plants 
contain Chl a and b.(11–13) Chl a is the photosynthetic component, whereas Chl b serves as an 
auxiliary component, acting as an antenna to capture light.(14,15) The total amount of Chl a and b, 
known as Chl content, is a valuable indicator of plant growth conditions. Chl meters are widely 
used in agriculture and research owing to their simplicity in measuring Chl content.(16–18) 
Furthermore, the ratio of Chl a to Chl b (Chl a/b ratio) can be used to assess the light environment 
in plants. This ratio varies depending on light conditions. Under high-light conditions, plants 
tend to replace Chl b with Chl a to enhance photosynthetic efficiency, increasing the Chl a/b 
ratio. Conversely, plants may convert Chl a to Chl b under lowlight conditions to capture more 
light, leading to a decrease in Chl a/b ratio.(19,20) Traditional methods for measuring the Chl a/b 
ratio, such as spectrophotometry and high-performance liquid chromatography, often involve 
large-scale equipment, expensive instruments, and specialized expertise, making them 
impractical for widespread agricultural applications.(21–23) 
 To address these challenges, our research group fabricated a filter-free wavelength sensor that 
can detect wavelength information without optical components. Using this sensor, we previously 
reported a compact Chl detection system suitable for agricultural applications.(24–26) Although 
we could estimate changes in Chl a/b ratio according to spectral changes in tomato leaves, 
quantitative analysis was limited. In this paper, we report a thorough investigation into the 
factors affecting Chl a/b ratio measurements using our filter-free wavelength sensor and propose 
a quantitative assessment method for Chl content and Chl a/b ratio.

2. Principle 

2.1 Filter-free wavelength sensor

 Figure 1 shows a cross section and potential distribution diagram of the filter-free wavelength 
sensor. The sensor features a double-diffusion well structure with deep n- and p-wells on a 
p-substrate. By applying voltage to the photogate (PG), a potential peak W is formed in the 
sensor. When light is incident on the sensor, the generated photoelectrons are divided between 
the surface and substrate sides of the sensor at the potential peak W. The surface current IFD and 
the substrate current INW are read from the respective electrodes of the sensor. Equations (1) and 
(2) describe IFD and INW, respectively, while the sum of these currents (IFD + INW) can be used to 
calculate the incident light intensity according to Eq. (3).
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Here, q is the charge, S is the photosensitive area, λ is the wavelength, h is Planck’s constant, c is 
the speed of light, α is the absorption coefficient of silicon, W is the potential peak depth, Wnp is 
the junction depth between p- and n-wells, and ϕ0 is the incident light intensity.
 By using the difference in the penetration depth of light into silicon at various wavelengths, it 
is possible to determine the wavelength from the ratio of the two currents.(27–29) For instance, 
when the sensor is irradiated with blue light, which has a short wavelength, INW is low and IFD is 
high owing to the light being absorbed near the surface of the sensor. Consequently, the sensor 
current ratio (INW/IFD) is low. In contrast, red light with a longer wavelength is absorbed deeper 
within the sensor, leading to a higher INW current and a lower IFD current, resulting in a higher 
sensor current ratio. Therefore, the wavelength can be distinguished from the current ratio of the 
sensor. Notably, the sensor current ratio shown in Eq. (4) solely depends on the potential peak W 
and the absorption coefficient of silicon, independent of light intensity.
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 For broad light sources with multiple spectral peaks, the centroid wavelength λc can be 
calculated and correlated with the sensor characteristics. The centroid wavelength λc represents 
the weighted average wavelength of the spectrum and can be determined using Eq. (5). 
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Fig.	1.	 (Color	 online)	 Cross	 section	 and	 electrons	 in	 the	 filter-free	 wavelength	 sensor	 at	 different	 incident	
wavelengths.
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2.2	 Chl	quantitative	method	using	filter-free	wavelength	sensor

2.2.1 Chl content

 The transmittance measurement is performed using the system shown in Fig. 2(a). A 660 nm 
light source uses a standardized quartz cuvette (which has a fixed optical path length) to measure 
Chl solutions extracted from leaves using an organic solvent or standard solution. For 
transmittance measurement, a 660 nm LED light source (M660FP1, Thorlabs) is used, which 
corresponds to the absorption peaks of Chl a and b. In this wavelength range, it is not affected by 
interference from other photosynthetic pigment components. Additionally, the light source’s full 
width at half maximum (FWHM) must cover both Chl a and b absorption peaks. (In this 
experiment, the FWHM is 25 nm.)
 The relative content of Chl can be estimated by comparing the current generated by the 
transmitted light in a reference solution without Chl (IRef) and that in the Chl solution (IChl). 
Figure 2(b) shows the change in the intensity of transmitted light when illuminated with 660 nm 
light. In transmittance measurements, the light intensity is calculated from the sum of the 
surface and substrate currents. In the reference solution without Chl, a spectrum with a peak at 
660 nm, as shown by the black line, is obtained. On the other hand, in the Chl solution, the 
transmitted light spectrum changes, as indicated by the green line, owing to light absorption by 
Chl a and b. The transmittance is then calculated using Eq. 6, and the measurement can be 
performed by correlating it with the Chl content.

 ( ) ( )
( )

FD NW
10 10

FD NW

 Chl solution
 log log  

 Reference solution
Chl

Ref

I IIChl content Transmittance
I I I

  +
= − = −   + 

 (6)

(a) (b)
Fig. 2. (Color online) (a) Measurement setup for Chl measurement and (b) transmitted light intensity changes by 
Chl content.
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2.2.2 Chl a/b ratio

 Chl a and b absorb light primarily at wavelengths near 663 and 646 nm, respectively.(24,26) By 
irradiating leaves with a 660 nm LED light source, which encompasses the absorption 
wavelengths of both Chl a and b, the transmitted light spectrum varies depending on the relative 
abundance of these pigments. 
 Figure 3 illustrates the transmitted light spectral changes when a leaf is irradiated with 660 
nm light. In Fig. 3(a), where the Chl a/b ratio is low, Chl b absorbs more light at wavelengths 
shorter than 660 nm, causing a red-shift in centroid wavelength. Conversely, in Fig. 3(b), where 
the Chl a/b ratio is high, Chl b absorbs more light at wavelengths longer than 660 nm, resulting 
in a blue-shift in centroid wavelength. Therefore, by measuring the shift in centroid wavelength, 
this sensor can be used to determine the Chl a/b ratio.(26)

2.3 Chl measurement by spectrometer

 Chl a and b exhibit strong absorption properties in the blue wavelength range (λ	≈	450	nm)	
and red wavelength range (λ	≈	650	nm),	 respectively.	However,	 in	 the	blue	wavelength	 range,	
carotenoids also absorb light, making it challenging to selectively quantify the Chl component.(30) 
Consequently, Chl absorbance measurements are typically conducted in the red wavelength 
range, and various quantitative equations have been proposed for determining Chl content. 
While Arnon’s equation remains in use, it is generally not recommended.(31,32) Among the 

Fig. 3. (Color online) Changes in transmitted light intensity when the Chl a/b ratio is (a) low and (b) high. The 
centroid wavelength λc changes according to spectral changes.
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available equations, Porra’s equations, which utilize N, N-dimethylformamide (DMF) for 
extraction, are currently considered the most accurate.(33) Equations (6) to (8) are Porra’s 
equations for determining Chl content from absorbance measurements.(34)

 [ ] 663.8 nm 646.8 nm µM 13.43 3.47Chl a A A= −  (6)

 [ ] 646.8 nm 663.8 nm µM 22.90 5.38Chl b A A= −  (7)

 [ ] 646.8 nm 663.8 nm  µM 19.43 8.05Chla a b A A+ = +  (8)

Here, Aλ represents the absorbance peak at wavelength λ. The absorbance values at 663.8 and 
646.8 nm, corresponding to the absorption peaks of Chl a and b, respectively, are used in the 
calculations.

3. Experimental Results

3.1 Characteristics of light sources

3.1.1	 Measurement	configuration

 Figure 4 shows the measurement system. Two xenon light sources (MAX-350, Asahi Spectra) 
were used: one equipped with an interference band pass filter centered at 660 nm (HMX0660, 
Asahi spectra) with a FWHM of 14.7 nm to simulate Chl a absorption, and the other with a filter 
centered at 650 nm (HMX0650, Asahi spectra) and an FWHM of 12.7 nm to simulate Chl b 
absorption. Light from the sources was irradiated to a spectrometer (USB4000, Ocean Insight) 
or a filter-free wavelength sensor via a split optical fiber (SPLIT400-UV-VIS, Ocean Insight). In 
this experiment, the Chl a/b ratio was simulated by adjusting the light intensity under the 
conditions outlined in Table 1.

3.1.2 Experimental results

 Figure 5(a) shows the spectra obtained from the spectrometer, showing that the spectra 
change with the Chl a/b ratio. The centroid wavelength shifts toward shorter wavelengths as the 
Chl a/b ratio increases. Figure 5(b) shows the centroid wavelength calculated from the spectrum 
and the sensor current ratio. It can be seen that there is a high linearity in the sensor current ratio 
as the centroid wavelength changes. Since the plot variation occurs in both the spectrometer data 
and the sensor data, we consider that it is caused by the fluctuation of the light source. The 
sensor current during measurement is approximately 250 pA for the surface current and 
approximately 500 pA for the substrate current. The sensor fluctuation is a maximum of 7 pA for 
the surface current and a maximum of 0.6 pA for the substrate current. The signal-to-noise (S/N) 
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ratio corresponds to approximately 31.1 dB for the surface current and approximately 58.4 dB 
for the substrate current. Therefore, it was shown that it is possible to measure the Chl a/b ratio 
change by measuring the sensor current ratio.

Fig.	4.	 (Color	online)	Experimental	setup	for	reproducible	measurements.	Band	pass	filters	were	mounted	on	each	
xenon	light	source.	A	split	optical	fiber	was	used	to	illuminate	the	spectrometer	and	sensor	simultaneously.

Table 1
Light intensity conditions for reproducing Chl a/b ratios.
Chl a (660 nm light) Chl b (650 nm light) Chl a/b ratio (Light intensity ratio)

2.0 (ϕ : 72.8 mW/cm2)
0.5 (ϕ : 29.7 mW/cm2) 4.0 (3.9)
1.0 (ϕ : 17.8 mW/cm2) 2.0 (1.9)
1.5 (ϕ : 8.5 mW/cm2) 1.3 (1.1)

3.0 (ϕ : 53.5 mW/cm2)
0.5 (ϕ : 29.7 mW/cm2) 6.0 (6.3)
1.0 (ϕ : 17.8 mW/cm2) 3.0 (3.0)
1.5 (ϕ : 8.5 mW/cm2) 2.0 (1.8)

4.0 (ϕ : 33.2 mW/cm2)
0.5 (ϕ : 29.7 mW/cm2) 8.0 (8.5)
1.0 (ϕ : 17.8 mW/cm2) 4.0 (4.1)
1.5 (ϕ : 8.5 mW/cm2) 2.7 (2.5)

(a) (b)

Fig. 5. (Color online) (a) Transmitted light spectrum and (b) relationship between the centroid wavelength λc and 
filter-free	 wavelength	 sensor	 current	 ratio.	 As	 the	 Chl	 b concentration increases (Chl a/b ratio decreases), the 
centroid wavelength λc shifts toward shorter wavelengths.
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3.2 Measurement of Chl a and b standard solutions

3.2.1	 Measurement	configuration

 Figure 6 shows the measurement system used for Chl assessment. An LED light source 
(M660FP1, Thorlabs) with a 25 nm FWHM and a 660 nm wavelength was utilized. This 
wavelength range encompasses the absorption peaks of both Chl a and b. The light intensity was 
adjusted to 121.6 mW/cm², ensuring that sufficient transmitted light was obtained without being 
affected by the sensor’s dark current. The transmitted light from the sample was simultaneously 
detected by a spectrometer (USB4000, Ocean Insight) and a filter-free wavelength sensor. These 
two detection methods, commonly used in modern Chl measurements, were compared using a 
split optical fiber (SPLIT400-UV-VIS, Ocean Insight).
 Figure 7 shows the prepared Chl samples. A total of 55 samples were created by mixing two 
types of standard solution, namely, Chl a standard solution (96145-1MG, Supelco) and Chl b 
standard solution (00538-1MG, Supelco). The Chl content of these samples ranged from 2 to 18 
µM, whereas the Chl a/b ratio varied from 2.0 to 4.0.

Fig. 6. (Color online) Measurement setup for Chl a/b ratio experiment using Chl standard solution.

Fig. 7. (Color online) Chl samples used for measurements (Chl content: 2–18 µM, Chl a/b ratio: 2.0–4.0).
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3.2.2 Experimental results 

 Figure 8 shows the spectra obtained from the spectrometer, demonstrating a decrease in 
transmitted light intensity with increasing Chl content. For each Chl content, an increase in Chl 
a/b ratio was correlated with an increase in the rate of optical absorption near the Chl a peak 
(663 nm) and a decrease near the Chl b absorption peak (646 nm). This suggests that absorbance 
increases with Chl content, and the centroid wavelength shifts toward shorter wavelengths as the 
Chl a/b ratio increases. 
 Figure 9(a) shows a linear relationship between absorbance, measured by the filter-free 
wavelength sensor, and Chl content, quantified spectroscopically. The more significant 
absorbance changes observed at 10 and 14 µM are consistent with the spectrometer’s quantitative 
results, likely owing to the lower initial Chl content during sample preparation. Figure 9(b) 
shows that even with a Chl a/b ratio range of 2.0–4.0, the absorbance increase varies from 
approximately 0.51% at a Chl content of 10 µM to 7.58% at a Chl content of 25 µM. This 
suggests that the filter-free wavelength sensor can accurately measure Chl content across 
different Chl a/b ratios, as the absorbance changes are minimal. 
 Figure 10 shows the measured Chl a/b ratios. The horizontal axis represents the Chl a/b ratio 
quantified using a spectrometer, while the vertical axis shows the sensor current ratio measured 

Fig. 8. (Color online) Changes in transmitted light spectral changes at various Chl contents and a/b ratios. As 
chlorophyll content increases, the amount of light transmitted through the sample decreases owing to the increase in 
the rate of light absorption by chlorophyll pigments. The relative proportions of Chl a and b, as indicated by the Chl 
a/b	ratio,	also	affect	the	spectral	shape.	A	higher	Chl	a/b ratio results in increased absorption by Chl a and decreased 
absorption by Chl b.
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using the filter-free wavelength sensor. The results indicate a lack of correlation between the 
sensor current ratio and changes in Chl a/b ratio. However, a correlation was observed for each 
specific Chl content. Notably, the measurement variation was more pronounced at lower Chl 
contents. This is likely due to the relatively low proportion of Chl b, constituting only about one-
third of the total Chl content. This suggests that the accurate measurement of Chl b, particularly 

(a) (b)

Fig. 9. (Color online) (a) Relationship between absorbance and Chl content and (b) Chl a/b ratio. A linear 
relationship exists between Chl content and absorbance, indicating that changes in Chl a/b	ratio	do	not	significantly	
impact this relationship.

Fig. 10. (Color online) Relationship between sensor current ratio and Chl a/b ratio. A linear relationship exists 
between the sensor current ratio and the Chl a/b ratio. However, the slope and intercept of the linear regression line 
vary with Chl content.
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at low concentrations, may be challenging. Indeed, spectrometer quantification revealed that the 
Chl b content at 2 µM ranged from 0.566 to 1.231 µM, confirming its lower abundance.

4. Discussion

 Figure 11 shows the relationship between the slope and intercept of the approximate lines in 
Fig. 10 and absorbance. As shown in the graph, the absorbance of the approximate line increases 
with Chl content. Consequently, the slope decreases while the intercept increases as the Chl 
content rises. This trend exhibits a linear relationship, with the coefficients of determination for 
the slope and intercept being 0.987 and 0.944, respectively. Therefore, it is proposed that the Chl 
a/b ratio can be calculated by determining the calibration curve for each Chl content, regardless 
of variations in Chl content.
 Figure 12 shows the changes in Chl a/b ratio for different Chl contents. When the Chl content 
is 6 µM, an increase in Chl a/b ratio from 2.0 to 4.0 results in a 0.8 µM increase in Chl a content 
and a 0.8 µM decrease in Chl b content. Similarly, when the Chl content is 18 µM, the same 
change in Chl a/b ratio leads to a 2.4 µM increase in Chl a content and a 2.4 µM decrease in Chl 
b content. This indicates that for the same variation in Chl a/b ratio, the absolute changes in Chl 
a and b contents are higher when the total Chl content is higher. From this result, it can be 
inferred that a higher Chl content results in a steeper slope. Therefore, instead of calculating the 
Chl a/b ratio directly from the sensor current ratio, absorbance measurements should be 
performed first. Then, using Fig. 11, the necessary calibration curve slope and intercept for Chl 
a/b ratio calculation are determined. By using this calibration curve along with the sensor 
current ratio, variations due to differences in Chl content can be corrected.

Fig.	11.	 (Color	online)	Effect	of	absorbance	(Chl	content)	on	the	slope	and	intercept	of	the	linear	fit	of	Fig.	10.	
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 Figure 13 shows the process for determining the Chl content and Chl a/b ratio from the INW 
and IFD currents measured using the filter-free wavelength sensor. Chl content is calculated by 
measuring the absorbance derived from the combined INW and IFD currents. The Chl a/b ratio is 
determined through the following steps: 
(Ⅰ)	 	Calibration	curve	generation:	A	calibration	curve	is	established	by	plotting	the	relationship	

between the slope and intercept of the calibration curve for the current ratio versus 
absorbance (Fig. 11)

(Ⅱ)	 	Calibration	curve	application:	A	calibration	curve	is	constructed	on	a	graph	of	the	sensor	
current ratio against the Chl a/b ratio (Fig. 10).

(Ⅲ)		Chl	a/b ratio calculation: The Chl a/b ratio is calculated on the basis of the measured sensor 
current ratio (INW/IFD). 

 By following these steps, the Chl a/b ratio can be accurately determined.
 Figure 14 shows the Chl a/b ratios determined using the filter-free wavelength sensor and 
spectrometer. Figure 14(a) shows the Chl a/b ratio calculated directly from the sensor ratio 
before quantification. Figure 14(b) shows the Chl a/b ratio calculated using a calibration curve 
after quantification. Applying the quantification process significantly improved the coefficient 
of determination from 0.583 to 0.765, resulting in a 31.2% increase. Additionally, the average 
error between the spectrometer and sensor measurements decreased from 0.473 to 0.245 after 
quantification.
 The filter-free wavelength sensor used in this study exhibited low noise levels, with dark 
current values of 25 pA for INW and 6 pA for IFD. During measurements, the current values were 
50 nA for INW and 18 nA for IFD, resulting in a S/N ratio of approximately 66.8 dB. Therefore, 
we attribute the variations in results observed before quantification to factors other than the 
sensor, such as sample variability. The small sample size and potential unevenness in sample 
concentration due to micro-pipetting may have contributed to the observed variations. 
Addressing these factors is crucial to improving the accuracy of Chl determination further. 

Fig.	12.	 (Color	online)	Effect	of	absorbance	(Chl	content)	on	the	slope	and	intercept	of	the	linear	fit	of	Fig.	9.
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5. Conclusions

 In this study, we demonstrated the factors affecting the measurement of the Chl a/b ratio 
using a filter-free wavelength sensor and proposed a method of quantifying the Chl content and 
Chl a/b ratio. First, we conducted a reproduction experiment of Chl a and b using two light 
sources. The experimental results demonstrated a linear relationship between the sensor current 
ratio and the light intensity change, with a coefficient of determination of approximately 0.815. 
This indicates the feasibility of using the sensor to measure the Chl a/b ratio. Secondly, we 
prepared and measured samples with Chl contents and Chl a/b ratios like those found in actual 
leaves, utilizing standard Chl a and b solutions. By comparing the Chl a/b ratios obtained from 

Fig. 13. (Color online) Process for determining Chl content and Chl a/b	ratio	using	a	filter-free	wavelength	sensor.

Fig. 14. (Color online) Comparison of Chl a/b	 ratios	 measured	 using	 spectrometer	 and	 filter-free	 wavelength	
sensor: (a) before and (b) after quantitative analysis.
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the sensor with those from a conventional spectrophotometer, we confirmed that the sensor’s 
absorbance can be used to measure Chl content. However, the measured Chl a/b ratios exhibited 
significant variability. Upon further analysis, we concluded that the variation in Chl a/b ratio 
was likely due to the decreasing relative abundance of Chl b as the total Chl content increased. 
To address this issue, we developed a calibration curve that relates absorbance (Chl content) to 
Chl a/b ratio. This calibration curve improved the coefficient of determination by approximately 
31.2% and reduced the variability in Chl a/b ratio by a factor of 1.93. By utilizing this filter-free 
wavelength sensor, which is more affordable and compact than conventional measuring 
instruments, we can accurately determine the Chl a/b ratio. This advancement has the potential 
to accelerate agricultural research and enable on-site measurements of the Chl a/b ratio, 
ultimately contributing to improved crop productivity.
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