

  sensors-23-08184




sensors-23-08184







Sensors 2023, 23(19), 8184; doi:10.3390/s23198184




Article



Sensitive and Compact Evanescent-Waveguide Optical Detector for Sugar Sensing in Commercial Beverages



Alessio Buzzin *, Rita Asquini, Domenico Caputo and Giampiero de Cesare





Department of Information Engineering, Electronics and Telecommunications, Sapienza University of Rome, via Eudossiana 18, 00184 Rome, Italy









*



Correspondence: alessio.buzzin@uniroma1.it







Citation: Buzzin, A.; Asquini, R.; Caputo, D.; de Cesare, G. Sensitive and Compact Evanescent-Waveguide Optical Detector for Sugar Sensing in Commercial Beverages. Sensors 2023, 23, 8184. https://doi.org/10.3390/s23198184



Academic Editors: Simona Scarano and Marco Giannetto



Received: 1 August 2023 / Revised: 13 September 2023 / Accepted: 27 September 2023 / Published: 30 September 2023



Abstract

:

This work presents a compact and sensitive refractive index sensor able to evaluate the concentration of an analyte in a sample. Its working principle leverages on the changes in the optical absorption features introduced by the sample itself on the evanescent waves of a light beam. The device’s high compactness is achieved by embedding the sample–light interaction site and the detector in a 1 cm2 glass substrate, thanks to microelectronics technologies. High sensitivity is obtained by employing a low-noise p-i-n hydrogenated amorphous silicon junction, whose manufacture process requires only four UV lithographic steps on a glass substrate, thus ensuring low production costs. The system’s capabilities are investigated by sensing the sugar content in three commercial beverages. Sensitivities of 32, 53 and 80 pA/% and limits of detection of 47, 29 and 18 ppm are achieved. The above performance is comparable with state-of-the-art results available in the literature, where more complex optical setups, expensive instrumentation and bulky devices are used.
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1. Introduction


During recent decades, tackling obesity has become one of the most critical challenges for global health, as the incidence of overweight people among the world population has been growing at increasing rates [1]. Being overweight is the primary risk factor in a variety of diseases, such as diabetes, heart-related pathologies and many forms of cancer [2,3]. Although the causes of obesity can be found in unhealthy lifestyles, unregulated hormone production or bad diet habits [4], the consumption of sugar-sweetened beverages plays an important role, as supported by strong and established scientific data [5,6]. National and international organizations have been increasingly concerned about this phenomenon and its effects on global health and national health-care costs. To address these issues, dietary guidelines and policies have been released, recommending upper limits on calorie intake from sugars, promoting health education campaigns and implementing excises on sugar-sweetened beverages [7]. On the one hand, this approach positively affected the general population’s behavior in purchasing these drinks; on the other hand, it stimulated fraud, drink reformulations, and price and marketing strategies [8]. Moreover, foods’ nutritional labels are still not mandatory in many countries; nonetheless, they can be manipulated to influence the consumer’s perception [9,10].



The worldwide growing attention on human health and food quality control is increasingly pushing both industry and research to develop new, smarter and less expensive sensing procedures [11]; impedance, amperometric and electrochemical methods [12,13] are being replaced by optical techniques such as refractive index sensing, due to their sensitivity and specificity [14]. However, these techniques often suffer from complex sample pre-treatment, high costs and a lack of compactness due to the need of off-chip instrumentation [15]. For example, Azargoshasb et al. [16] developed an evanescent waveguide sensor, reporting good performances for sensitivity and limit of detection (LoD) in similar applications. However, the system still relies on distinct modules, and the detection phase is performed using off-chip expensive instrumentation. Moreover, the chip itself consists of a section of optical fiber whose core has been treated with complex and expensive procedures.



To overcome these drawbacks, we report on a compact and sensitive refractive index sensor, based on the evanescent wave absorbance phenomenon. Operations need neither sample pre-treatment nor complex optics, thanks to an embedded, thin-film photodetector. Recently, we successfully reported the system’s achievements in blood analysis [17] and milk fat content detection [18]. Here, we present a performance analysis for the detection of sugar concentration in commercial carbonated beverages, taking advantage of the linear relationship between the refractive index of sugar-sweetened drinks and their sugar content, which has been extensively proven in the past [19,20].




2. Operating Principle and Features


The proposed system is sketched in Figure 1. The device integrates a borosilicate glass substrate (Borofloat33 by SCHOTT), SU-8 (3005 series by Microchem) polymer and an amorphous silicon (a-Si:H) p-i-n stacked structure. The SU-8 acts as an optical waveguide to convey light while hosting a sample on its top surface. This sample-waveguide “interaction” area, as referred to in Figure 1, is designed to allow the dispersion of part of the light’s evanescent wave into the sample, which absorbs part of the light according to its complex refractive index. As a consequence, the light power detected by the a-Si:H photodiode at the waveguide’s output can provide information on the amount of the analyte if the sample’s optical properties depend on the concentration of such an analyte [21].



2.1. Optical Waveguide


As waveguiding material, the SU-8 polymer (3005 series, by Microchem) represents a valid choice, due to its low propagation losses in the visible spectrum [22,23]. Plus, being a photosensitive polymer, SU-8 is quick and easy to pattern using a standard UV-lithography process [22,24]. Indeed, SU-8 has a well-known history in a variety of microelectronics, MEMS and optical applications [25,26,27,28]. For these reasons, the SU-8 polymer (refractive index in the green spectrum equal to 1.58, according to “SU-8 3000 data sheet” by MICROCHEM) is the optical channel core, while the glass substrate (refractive index in the green spectrum equal to 1.48, according to “SCHOTT optical glasses data sheets”) acts as lower cladding. Air is used as upper cladding.




2.2. Optical Detector


To monitor the output light at the end of the sample-waveguide interaction area, a p-doped/intrinsic/n-doped hydrogenated amorphous silicon (a-Si:H) photodiode is used. Over the years, a-Si:H has been employed as a photoresponsive semiconductor in a wide range of applications that combine large area and low cost, such as sensing [29,30], photovoltaics [31], MEMS [30] and integrated photonics [32,33]. Its success stems from the ability to fabricate p-i-n junctions with hydrogen-saturated dangling bonds, by using plasma-enhanced chemical vapor deposition (PECVD) technology [34]. This technique enables the maximization of electro-optical responsivity and high quantum efficiency, and the minimization of shot noise current (around 1 fA/    Hz    ) [35].



In such structures, the intrinsic layer is the active region of the device and its thickness allows the selection of the detection window of the photodiodes [34]. For the purpose of targeting visible light, a 500 nm thick intrinsic layer is designed.



To connect the p-doped and n-doped layer to the external circuitry, two metallization levels are needed, with an intermediate insulation layer. To protect the junction and, at the same time, to expose it to the sensor’s guided light, the photodiode is buried inside the waveguide; in this configuration, the SU-8 polymer acts both as an optical channel and electrical insulator, minimizing the number of photolithographic masks required for the device’s fabrication. Moreover, such a design has already been adopted in the past, with an experimentally demonstrated coupling of light from an SU-8 waveguide to a silicon photodiode [18,36].



While metals are used as the junction’s bottom contact and interconnections, a thin film of indium-tin oxide (ITO) is chosen as junction’s top contact. ITO is a transparent conductive oxide (TCO) often employed in operations requiring electrical conductivity and optical transparency, such as displays, photovoltaics and optoelectronic devices [37,38]. ITO has a high refractive index in the visible spectrum, reaching a value of 1.88 in the green range [39]; this enables its use as optical buffer between the waveguide and the diode to facilitate the coupling of light. Moreover, the electrical conductivity of ITO enables its use as the diode’s p-side electrode to collect the photogenerated charges and to connect the diode to the external circuitry [40]. A schematic cross-section of the device is shown in Figure 2a (“MASK 4”).





3. Prototyping


The proposed sensor is obtained by monolithically integrating the a-Si:H photodiode and the polymer waveguide on glass [17,41]. The manufacturing procedure involves thin-film microelectronic technologies and consists of four lithographic steps, as reported in Figure 2a. The first mask models the bottom n-side contact of the detector and the electrical connection to the substrate’s edge. As bottom metal, a chromium/aluminum/chromium (Cr/Al/Cr) sandwich is deposited through vacuum evaporation; Al is chosen for its high electrical conductivity, whereas Cr is used for its excellent adhesion to glass and as a protective layer to avoid Al oxidation. The second mask shapes the a-Si:H n-i-p stacked photojunction and its ITO p-side top contact. The thicknesses of the n-i-p layers are equal to 50 nm/500 nm/10 nm, respectively. The PECVD process is executed under 200 °C, with a 25 mW/cm2 input power. RF magnetron sputtering is used to obtain the ITO film; the deposition is performed at 200 °C and with an input power equal to 1.1 W/cm2, achieving a thickness equal to 120 nm. The third mask molds the SU-8 optical waveguide and, concurrently, the detector’s electrical insulation, with via-holes. Finally, the fourth mask models the top metal connection from the via-holes to the edge of the substrate. The top metal is obtained by sputtering a 250 nm thick film of a titanium–tungsten alloy. Figure 2b shows a (5 × 5) cm2 glass substrate after the fabrication procedure. The white inset in Figure 2b includes the entire device, which covers an overall footprint of about 1 cm2. This inset is enlarged in the microscope picture in Figure 2c, which shows part of the interaction site, the SU-8 waveguide and the embedded detector. The system also includes a microfluidic bridge-like structure, consisting of razor-cut, plastic-made pressure-sensitive adhesives, designed and tested [18] with the specific purpose of delivering the sample to the optical waveguide without interfering with the evanescent-wave interaction.



To check the photodiode’s characteristics, we measure its quantum efficiency (QE) in the visible spectrum. A monochromator (SPEX 340 from Jobin Yvon) is used to select light beams between 400 nm and 700 nm of wavelength coming from a halogen lamp. The amount of optical power hitting the photodiode is then compared to the generated photocurrent at each wavelength in a calibrated crystalline silicon photodiode (DR 2550 from EG&G Gamma Scientific, San Diego, CA, USA). The result is a QE peak around 530 nm. At this wavelength, a diode’s photocurrent of 4.95 mA is registered for a 10 mW impinging light beam, leading to an electro-optical responsivity (R) value equal to 495 mA/W. Figure 3 plots the normalized quantum efficiency of the device with respect to the working wavelength.




4. Sensing Demonstration of Sugar Content in Commercial Beverages


Yusmawati et al. [42] characterized the dielectric properties of three commercial beverages (“F&N Orange”, “100 Plus” and “Coke”). In their study, the authors determined the real (εr) and imaginary (εi) parts of the dielectric constant of the beverage solutions with sugar contents up to 12%, using surface plasmon resonance (SPR) and a 632.8 nm He-Ne laser source. Starting from these data, our work focuses on converting the dielectric permittivity to refractive index. At optical frequencies, the real and imaginary parts of the complex dielectric permittivity are related to the real (n) and imaginary (k) parts of the complex refractive index through the following equations, respectively:


   ε r  =  n 2  −  k 2   



(1)






   ε i  = 2 nk  



(2)






   n 2  =    ε r   2  +  1 2     ε r 2  +  ε i 2     



(3)






  k =    ε i    2 n    



(4)




where k is commonly referred to as the extinction coefficient of the medium and determines the amount of optical absorption inside that medium [43]. The result of our conversion is reported in Table 1.



The obtained values of n and k, reported in Table 1, are used to model the optical properties of samples with different sugar concentrations. The interaction with the guided light’s evanescent wave is evaluated by calculating the portion of the light absorbed by the sample; this absorption changes the optical power exiting the interaction site. COMSOL Multiphysics is used to model the longitudinal section of the interaction site with the optical features of the materials. Figure 4a depicts a schematic of the system’s layout: a general top-view is shown on the top, while a side-view of the interaction site (as modeled in COMSOL) is depicted on the bottom. Maxwell’s equations are implemented (through the “electromagnetic waves: frequency domain” physics module) and used to evaluate the optical power flowing through the input (Pin) and output (Pout) of the model, with a light excitation at 632 nm wavelength. The normalized optical absorption descends from (Pin-Pout)/Pin. Figure 4b shows the spatial evolution of the optical power flowing along the SU-8 waveguide before (“IN BOX” on the top) and after (“OUT BOX” on the bottom) the transit below the sample. Figure 4c plots the simulated absorbed optical power with respect to the real part (n) and imaginary part (k) of the “F&N Orange” solutions when the sample-waveguide overlapping length is equal to 300 μm. The behavior is linear, and spans from 2% absorption when n equals 1.33 and k equals 3.57 × 10−4, to nearly 2.4% absorption when n is 1.347 and k is 2.6 × 10−3.



Based on these preliminary results, a simulation campaign is carried out considering the fabricated layout, with a 3 mm long interaction site. Figure 5 plots the calculated optical absorption due to the interaction with the three modeled solutions (as reported in Table 1). The behavior is linear, with an optical absorption spanning from 20% without sugar, up to 28% in the case of “Coke” with 10% sugar content. Compared with Figure 4c, the increase in the interaction length causes a higher optical absorption, which, in turn, leads to a larger variation in the output power and then to a larger variation in the a-Si:H photocurrent. This achievement is desired because, as shown below, an increased photocurrent variation with sugar concentration determines a better LoD. On the other hand, too long an interaction site length can cause a complete absorption of the guided light and then too low a light intensity absorbed by the photodiode. Therefore, a properly designed interaction site length is necessary to achieve optimal system performance. In this regard, it must be noted that, to avoid a complete optical absorption in the interaction site and, consequently, the system’s failure, such an issue can be addressed in the design phase by carrying out an extensive simulation campaign, in which the length of the interaction site is progressively increased until the output optical power goes to zero (i.e., total absorption and sensing failure). The length of the interaction site must be set within the boundaries given by the results of the simulations. The lower boundary corresponds to a short interaction site, where the optical absorption is too low to have a good sensing performance. This occurs when the changes in output optical power are comparable to the natural fluctuations in the optical power of the light source or are comparable to the Schottky noise current contribution of the thin-film a-Si:H detector. The higher boundary corresponds to a long interaction site, with 100% optical absorption, and to the failure of the system. The subsequent system’s development steps (design of the lithographic masks, fabrication) must then be carried out with these results as design rules.



As depicted in Figure 6a, the guided light comes out of the interaction site and then is coupled in the detector through evanescent-wave absorption. To evaluate the performance of the whole system, the data collected from the COMSOL simulations are combined with the experimental data gathered from the electro-optical characterization of the fabricated photodiode. In our assessment, the optical power hitting the detector is assumed to be 40 nW before placing the sample over the waveguide. Considering this specific incident power as a starting condition, and taking into account that the experimentally measured diode’s responsivity at 633 nm is 252 mA/W, equal to 50.9% with respect to the peak at 530 nm [18] (495 mA/W, see Figure 3), the resulting detector’s starting photocurrent is 10.1 nA.



Figure 6b reports the detector’s estimated photocurrents when placing the three beverages at different sugar concentrations. As a result, the estimated sensitivity of the sensor is about 32 pA/%, 53 pA/% and 80 pA/% for “F&N Orange”, “100 Plus” and “Coke” [42], respectively.



Under these operating conditions, with 10.1 nA being the highest possible current flowing through the p-i-n junction, the detector’s Schottky noise contribution is 56.8 fA (considering that the operating bandwidth in our case is 1 Hz) in the worst possible scenario. The minimum detectable signal (MDS) can be derived as three times the Schottky noise and is equal to 170.4 fA. The LoD can be evaluated as the MDS divided by the sensitivity. In this scenario, the LoD is 47 ppm, 29 ppm and 18 ppm for sugar concentration in “F&N Orange”, “100 Plus” and “Coke” solutions, respectively.




5. Conclusions


This work presents the evaluation of the performance of a compact and low-cost evanescent-waveguide optical sensor capable of detecting the concentration of an analyte inside a sample by responding to changes in its complex refractive index. The dielectric properties of three commercial beverages, found in the literature and converted to refractive indexes and extinction coefficients, are used to investigate the sensing capabilities of the proposed system. Optical simulations are performed using COMSOL Multiphysics to evaluate the drops in the power guided inside the system’s optical channel due to the evanescent wave interaction with the modeled samples. The calculated data are combined with the experimental values of the photodiode response to infer the whole system’s performance. The results in terms of sugar sensitivities span from 32 to 80 pA/%, depending on the soft drink; likewise, the expected LoD ranges from 47 to 18 ppm. These values are better than those achieved using optical analyzers (such as digital refractometers) currently available on the market for similar applications. Moreover, the results are comparable with state-of-the-art data reported in the literature, where more complex optical setups, expensive instrumentation and bulky devices are employed [14]. Future works include the arrangement of an experimental campaign to confirm this investigation. Tests will be performed with multiple interaction site lengths to confirm what comes from the simulations, and to experimentally achieve the failure of the sensing system. Experiments will also be conducted at different wavelengths (inside the visible spectrum), to obtain a more complete optical characterization of the chosen commercial beverages, also focusing on the repeatability of the measurements. In this regard, the interchangeability of the light sources can be seen as one of the most valuable assets of our device, providing great versatility; as long as the working wavelength is in the detection window of the thin-film a-Si:H photodetector, light sources can be changed and the wavelength can be tuned according to the specific analyte under investigation. In addition to this, it should be noted that the developed system can be upgraded as an ultra-compact, integrated optical interferometer [44,45] by simply changing the geometry of the waveguide; a preliminary feasibility study in this direction has been recently published by our research group [46]. This may play an important role in the field of optical interferometry for biosensing, as it improves the compactness of the system, making it more suitable for in-field scenarios.
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Figure 1. Operating principle of the presented system: the sensor promotes light absorption in the sample under investigation due to the evanescent wave phenomenon and monitors light variations (proportional to the amount of analyte inside the sample) with the embedded photodetector. The graph on the right is a qualitative representation of the photocurrent change with the sample optical characteristics. 
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Figure 2. (a) Lithographic steps for the fabrication procedure: definition of the bottom n-side contact of the detector (“MASK 1”); patterning of the a-Si:H n-i-p stacked photojunction and its ITO p-side top contact (“MASK 2”); shaping of the SU-8 optical waveguide and, concurrently, the detector’s electrical insulation, with via-holes (“MASK 3”); definition of the top metal connection from the via-holes to the edge of the substrate (“MASK 4”). (b) Fabricated prototype. (c) Microscope picture of the system. 
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Figure 3. Normalized quantum efficiency of the fabricated detector vs. wavelength in the visible spectrum. At the photodiode’s photoresponse peak (around 530 nm), the measured quantum electro-optical responsivity is equal to 495 mA/W. 
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Figure 4. (a) Top view of the sensor (top) and side view of the interaction site (bottom). (b) Evolution of the optical power flowing (from left to right) before (“IN BOX”) and after (“OUT BOX”) the transit below the sample. (c) Simulated optical absorption in the interaction site when the sample is modeled as the “F&N Orange” solutions (see Table 1). The simulations are performed at 632.8 nm at different values of the refractive index’s real (n) and imaginary (k) part, corresponding to different beverage concentrations in water. 
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Figure 5. (Simulation results of the evanescent-wave optical absorption vs. sugar concentration ((Pin−Pout)/Pin) for the 3 commercial beverages [42] at different sugar concentrations. Values of n and k reported in Table 1 have been used for the purpose. 
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Figure 6. (a) Top view of the sensor (top) and side view of the detection site (bottom). (b) Estimated photocurrent vs. sugar concentration for the 3 commercial beverages [42]. 
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Table 1. Real (n) and imaginary (k) values of the refractive index of three commercial drinks at different sugar concentrations (c) as achieved from the dielectric properties found in [42].
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N

	
k




	
Sugar [%]

	
F&N Orange

	
100 Plus

	
Coke

	
F&N Orange

	
100 Plus

	
Coke






	
0

	
1.329

	
1.329

	
1.329

	
1.50 × 10−4

	
1.99 × 10−4

	
1.59 × 10−4




	
1

	
1.330

	
1.330

	
1.331

	
3.57 × 10−4

	
5.40 × 10−4

	
6.80 × 10−4




	
2

	
1.332

	
1.332

	
1.333

	
5.64 × 10−4

	
8.80 × 10−4

	
1.20 × 10−3




	
3

	
1.333

	
1.334

	
1.335

	
7.70 × 10−4

	
1.22 × 10−3

	
1.72 × 10−3




	
4

	
1.335

	
1.335

	
1.336

	
9.76 × 10−4

	
1.56 × 10−3

	
2.24 × 10−3




	
5

	
1.336

	
1.337

	
1.338

	
1.18 × 10−3

	
1.90 × 10−3

	
2.75 × 10−3




	
6

	
1.338

	
1.339

	
1.340

	
1.39 × 10−3

	
2.23 × 10−3

	
3.27 × 10−3




	
7

	
1.339

	
1.340

	
1.342

	
1.59 × 10−3

	
2.57 × 10−3

	
3.78 × 10−3




	
8

	
1.341

	

	
1.344

	
1.79 × 10−3

	

	
4.29 × 10−3




	
9

	
1.342

	
1.346

	
2.00 × 10−3

	
4.80 × 10−3




	
10

	
1.344

	
1.348

	
2.20 × 10−3

	
5.31 × 10−3




	
11

	
1.346

	

	
2.40 × 10−3

	




	
12

	
1.347

	
2.60 × 10−3

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
(a)

MASK 1 MASK 2 MASK 3

VIA-HOLE
SU-8
TCO TCO

MASK 4

GLASS

GLASS CHIP

BRIDGE
MICROFLUIDICS






nav.xhtml


  sensors-23-08184


  
    		
      sensors-23-08184
    


  




  





media/file2.png
/ SUBSTRATE

LIGHT

INTERACTION

MODIFIED
LIGHT

DETECTION

4

PHOTOCURRENT

-
.
i
.
.
.

.
.
.
e
2R
.. E
...

SAMPLE FEATURES

y






media/file13.png





media/file5.jpg
K00t R

= ¢

§~ ’0 *

& 80 * *

k] * *

s g *s

E 6o o >

E * *
ER * *

3 .
iy *

g 20f "
5 *,
z

350 400 450 500 550 600 650 700
Wavelength [ nm ]





media/file3.jpg
LRSS CHIP

sus

{ wiesue






media/file1.jpg
SUBSTRATE

MODIFIED

LIGHT LIGHT

PHOTOCURRENT

DETECTION ‘SAMPLE FEATURES

INTERACTION






media/file7.jpg
LK
8010% _Toxi0>_24x10°

[ECJE T
n





media/file10.png
Optical Absorption [ % ]

F&N Orange

e 100Plus
| 4 Coke A
A
i R ]
o) |
& ® o
- 8]
A ® "B
...
.l
- A
0 2 4 6 8 10 12

Sugar concentration [ % |






media/file12.png
INTERACTION SITE PHOTODETECTOR \

—F—

Sus8
WAVEGUIDE

GLASS CHIP

SU-8 WAVEGUIDE

EVANESCENT
WAVE

S
&\

&
v

a-Si:H DIODE o BOTTOM
GLASS CHIP CONTACT CONTACT

(b)

Photocurrent [ nA ]
~ ~ N N co oo
N EEN (@) (00 o N

N
o

-;\\‘:.&l..
- s Tl
\2\“ \ -IH.\.
A @ ~._
i LT WL
A e ..
‘A @ .=
) A b
‘A
- \A\
“A
= F&N Orange “sg
- e 100Plus -
A Coke
0 2 4 6 8 10 12

Sugar concentration [ % ]






media/file9.jpg
Optical Absorption [ % ]

= F&N Orange

e 100Plus A
4 Coke A
A
A
A L
A L] .'
A L] L ]
Ao.-'-
gt

0 2 4 6 8 10
Sugar concentration [ % ]

1