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Abstract

:

In this paper, we propose and numerically demonstrate a novel cascaded silicon-on-insulator (SOI) photonic crystal nanobeam cavity (PCNC) dual-parameter sensor for the simultaneous detection of relative humidity (RH) and temperature. The structure consists of two independent PCNCs supporting two different resonant modes: a dielectric-mode and an air-mode, respectively. The dielectric-mode nanobeam cavities (cav1) are covered with SU-8 cladding to increase the sensitivity ratio contrast between RH sensing and temperature sensing. The air-mode nanobeam cavities (cav2) are coated with a water-absorbing polyvinyl-alcohol (PVA) layer that converts the change in RH into a change in refractive index (RI) under different ambient RH levels, thereby inducing a wavelength shift. Due to the positive thermo-optic (TO) coefficient of silicon and the negative TO coefficient of SU-8 cladding, the wavelength responses take the form of a red shift for cav2 and a blue shift for cav1 as the ambient temperature increases. By using 3D finite-difference time-domain (3D-FDTD) simulations, we prove the feasibility of simultaneous sensing by monitoring a single output transmission spectrum and applying the sensor matrix. For cav1, the RH and temperature sensitivities are 0 pm/%RH and −37.9 pm/K, while those of cav2 are −389.2 pm/%RH and 58.6 pm/K. The sensitivity ratios of temperature and RH are −1.5 and 0, respectively, which is the reason for designing two different resonant modes and also implies great potential for realizing dual-parameter sensing detection. In particular, it is also noteworthy that we demonstrate the ability of the dual-parameter sensor to resist external interference by using the dual wavelength matrix method. The maximum RH and temperature detection errors caused by the deviation of resonance wavelength 1 pm are only 0.006% RH and 0.026 K, which indicates that it achieves an excellent anti-interference ability. Furthermore, the structure is very compact, occupying only 32 μm × 4 μm (length × width). Hence, the proposed sensor shows promising prospects for compact lab-on-chip integrated sensor arrays and sensing with multiple parameters.
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1. Introduction


Humidity sensors have attracted increasing attention due to their wide potential for application in the areas of food preservation, meteorology, chemical processing, etc. Many technologies have been developed for relative humidity (RH) sensing, such as electrical sensors, mechanical sensors, and optical sensors [1,2,3]. However, the RH sensors utilizing optical detection methods show many advantages in terms of their anti-electromagnetic interference, mechanical robustness, small size, and high sensitivity [4,5]. Over the years, optical RH sensors have been successfully developed by coating various sensitive hygroscopic materials, such as agarose [6], polyimide (PI) [7], polymethyl methacrylate (PMMA) [4], and polyvinyl-alcohol (PVA) [2,8,9,10]. In addition, different types of structures have also been designed to achieve humidity sensing, including the fiber-based Fabry–Pérot interferometer (FPI) [8,11], U-shaped microfiber [9], fiber Bragg gratings (FBG) [12], and SOI-based microcavities [2,4,10,13]. However, in the age of chip-integrated circuits, existing all-fiber-based sensors cannot meet future needs due to CMOS incompatibility and fragility [4,14].



In recent years, SOI-based microcavity has become a favorable platform due to its low packaging cost, mechanical strength, small size, and easy integration [2,15]. Nevertheless, the RH sensors mentioned above often lose sight of the influence of temperature on humidity, leading to inaccuracy in the detection results. As we all know, RH is defined as the ratio of water vapor pressure in the air to that in saturated water at an identical temperature [5], which is generally related to the temperature. Consequently, humidity sensing is meaningful only if the temperature is taken into consideration [16]. RH and temperature are two key factors that mainly affect comfort degree, which both must be measured in a variety of environments. Driven by this, there is a great demand for sensors capable of accurately detecting RH and temperature [17]. For example, Ding et al. innovatively put forward a dual-parameter sensor for the simultaneous detection of RH and temperature, which uses a dual-polarization SOI-based microring resonator with a radius of 20 microns and a PVA upper cladding layer, showing RH sensitivities of 97.0 pm/%RH and 325.1 pm/%RH and temperature sensitivities of 69.0 pm/K and 30.6 pm/K [2]. So far, this is the first lab-on-chip optical sensor which can measure RH and temperature simultaneously. While microring resonator sensors have shown good results, they may ultimately be limited to a relatively large size. There are also other types of optical sensors. For example, Abbas Madani innovatively investigated optofluidic applications of fully on-chip integrated microtubular systems both by filling the core of the microtube and by the microtube being covered by a liquid droplet [18]. Simultaneously, Ian M. White demonstrated a novel sensor architecture based on a liquid-core optical ring-resonator (LCORR) in which a fused silica capillary was utilized to carry the aqueous sample and to act as the ring resonator [19]. However, compared with on-chip resonators (e.g., microring resonator [2], 2D-PhC cavities [10]), SOI-based photonic crystal nanobeam cavities (PCNCs) are very promising in on-chip integration owing to their attractive characteristics of ultra-high Q/V, ultra-compact size, flexible structure design, and ease of integration [20,21]. Furthermore, PCNCs are suitable for dual-parameter sensing because these structures can be designed cleverly to support various resonant modes, such as waveguide side-coupled double-cavity [15] and single multimode cavity [22,23].



In this study, we first present an SOI-based cascaded PCNCs dual-parameter sensor for the simultaneous accurate detection of RH and temperature. The sensor consists of two carefully designed PCNCs, supporting dielectric-mode and air-mode, respectively. Since the optical mode distributions in the presented structures are quite different, they exhibit different sensitivities under varying external RH levels and temperatures [24,25,26], which provides the possibility to realize simultaneous detection. We also analyze the sensitivity of the sensor to humidity and temperature in a numerical simulation, verify the feasibility of dual-parameter sensing, and eventually discuss the anti-interference ability.




2. Design and Optimization of PCNCs


A schematic diagram of the proposed SOI-based cascaded PCNCs dual-parameter sensor is shown in Figure 1. It is composed of two independent resonant-mode nanobeam cavities, cav1 and cav2, which are placed on a buried silica layer. The cav1 and cav2 are connected by a Y-junction power splitter and a power combiner [27]. The cav1 is coated with an SU-8 cladding (light yellow region), while the cav2 is coated with a layer of PVA upper cladding (light blue region). The RIs of the silica layer (nsilica), silicon core (nsi), dry PVA cladding (nPVA), and SU-8 cladding (nSU-8) are, respectively, 1.45, 3.46, 1.49, and 1.57 [2,26]. The corresponding thickness of each layer is set to 2 μm, 220 nm, 2 μm, and 2 μm, respectively.



In terms of the cavity design, the two PCNCs were designed and optimized according to the deterministic design method of Quan et al. [28,29] and validated using commercial 3D-FDTD software simulations. During the simulations, a non-uniform mesh was used to automatically adapt to the periodicity of our simulation modes. An accuracy of 3 was selected, which is a fine compromise between accuracy, memory requirements, and simulation time. The boundary conditions were all set as perfectly matched layer (PML). TE band diagrams of the two PCNCs with Bloch boundary conditions were calculated to determine the target resonant mode where the working wavelength was around 1550 nm, as shown in Figure 2a for dielectric-mode nanobeam cavities (cav1) and Figure 2b for air-mode nanobeam cavities (cav2). When introducing the frequency defect into the photonic band gap (PBG), we chose the usual method—i.e., quadratically modulating the radius of the holes.



The top view schematics of cav1 and cav2 are given in Figure 3a,d. For cav1, the periodicity a1 = 375 nm remained unchanged. The radius of the circular hole decreased parabolically from center rcenter = 170 nm to rend = 120 nm on both sides in the taper region, ri = rcenter + (i − 1)2(rend − rcenter)/(Nt − 1)2, in which i increases from 1 to Nt and Nt represents the number of taper region holes. The hole radius remains unchanged as rend = 120 nm and Nm represents the number of holes in the mirror region. For cav2, the periodicity a2 = 360 nm was kept fixed. The radius of the circular hole increased parabolically from center rcenter = 100 nm to rend = 130 nm on both sides in the taper region. The radius of the mirror region was set as rend = 130 nm. The two nanobeam widths were 700 nm. Figure 3b,e show the corresponding major electric field distribution along the PCNCs for the x–y plane when z = 0. Apparently, the optical mode was strongly confined inside the high-index silicon core (cav1) and low-index PVA cladding (cav2) area, respectively, leading to different light–matter interactions. The Ey distribution in the x-direction is shown more clearly in Figure 3c,f, and it can be found that the light field distribution of the two resonant cavities was indeed different, leading to significant differences in the wavelength shift responses to the variations in the RH and temperature of the external environment.



The Nt and Nm were investigated in detail by a series of individual 3D-FDTD simulations in the hopes of achieving a higher-quality (Q)-factor and high-transmission PCNCs. In Figure 4a, the dependence of the Q-factor and the resonant wavelength on Nt for cav1 is illustrated. As shown, with the increase in Nt, the Q-factor improved and the resonant wavelength moved to a shorter wavelength. In ure 4b, the relationship between the Q-factor and the transmission on Nm for cav1 when Nt = 12 is presented. Obviously, the Q-factor continued to increase but the transmission decreased significantly with the increase in Nm. Here, to save the simulation calculation time while keeping a reasonable footprint, we chose a high transmission of 0.62 but a relatively low Q-factor geometry with Nt = 12, Nm = 2 in the following simulation, and the Q-factor could reach 2.2 × 104. For cav2, the dependence of the Q-factor and the resonant wavelength on Nt is displayed in Figure 4c. The Q-factor improved and resonant wavelength moved to a longer wavelength as Nt increased. The relationship of the Q-factor and transmission on Nm for cav2 when Nt = 12 is presented in Figure 4d. For the same reason, Nt = 12 and Nm = 2 were chosen, while the Q-factor reached 2.0 × 104 and the transmission was about 0.63.




3. Dual-Parameter Sensing for RH and Temperature


3.1. Basis of Dual-Parameter Sensing


In order to restrain crosstalk between resonant modes, two independent resonant cavities were cascaded to meet the requirements of dual-parameter detection. The power splitter consisted of a 4 μm-wide silicon input waveguide and two tapered silicon waveguides. Figure 5b shows that the widths of the two waveguides gradually decreased from 2 μm to 0.7 μm. To improve the coupling efficiency, the end width of one arm equaled the nanobeam width. The combiner and power splitter were symmetrical. As shown in Figure 5a, it can be observed that the low-loss output transmission of one arm could reach over 41% (red line) and the output of the combiner could reach 82% (blue line) in the wavelength range of 1450–1650 nm. Figure 5c shows the corresponding electric field distribution of the power splitter near 1550 nm.



As exhibited in Figure 6a, the two independent resonant peaks have a wavelength window of 82.17 nm, which is sufficient for dual-parameter sensor detection. The corresponding major electromagnetic field distributions (the x–y plane with z = 0) of PCNCs are shown in Figure 6b,c. Since the influence of temperature on RH detection cannot be neglected, we theoretically conducted the simultaneous detection of RH changes and temperature variations using a series of individual 3D-FDTD simulations.



According to the data regarding the concrete RI values of PVA cladding in conditions with different RH levels provided in [25], when RH increases from 0% RH to 90% RH, the transmission spectrum at a fixed temperature of 300 K is observed as shown in Figure 7a. As captured in this diagram, the resonant wavelength responses present a blue shift for cav2, while the wavelength responses are kept fixed for cav1, since the light field is mainly localized inside the silicon. As seen in Figure 7b, by extracting the simulated data within the broad range of 40% RH~90% RH, the resonant wavelength shows an approximately linear relationship with the RH level for cav2. The slope of linear fitting represents the RH sensitivity, SRH,cav1 (defined as dλcav1/dRH) and SRH,cav2 (defined as dλcav2/dRH), which were calculated as 0 pm/%RH and −389.2 pm/%RH, respectively. Figure 7c plots the transmission spectrum with ambient temperature in the range of 300 K~340 K at a fixed RH = 40% RH. Because of the high negative thermo-optic (TO) coefficient of the SU-8 cladding (∂nsu-8/∂T = −3.5(10−4 K−1) and the positive TO coefficient of silicon (∂nsi/∂T = 1.8(10−4 K−1), the resonant wavelength responses present a blue shift for cav1 and a red shift for cav2 when the temperature rises. Figure 7d shows the fitting results of the wavelength shift. The temperature sensitivities, ST,cav1 (defined as dλcav1/dT) and ST,cav2 (defined as dλcav2/dT), were fitted as −37.9 pm/K and 58.6 pm/K, respectively. Correspondingly, the sensitivity ratios for RH and temperature were calculated to be SRH,cav2/SRH,cav1 = 0 and ST,cav2/ST,cav1 = −1.5.




3.2. Analysis of Dual-Parameter Sensing


The proposed SOI-based cascaded PCNCs dual-parameter sensor feasibility analysis can be conducted by defining a sensitivity matrix based on the dual-wavelength matrix method [15] as follows:


   M  R H , T   =  [       S  R H , c a v 1        S  T , c a v 1          S  R H , c a v 2        S  T , c a v 2        ]  =  [     0    −   37.9 p m  K        −   389.2 p m   % R H         58.6 p m  K       ]   



(1)







Then, the correlations between the two detected resonant peaks shift (Δλ1, Δλ2) and the changes in RH (ΔRH) and temperature (ΔT) are described as Equation (2):


   [      Δ  λ 1        Δ  λ 2       ]  =  M  R H , T    [      Δ R H       Δ T      ]   



(2)







According to the different sensitivity ratios calculated before—that is, the sensitivity matrix is full rank |MRH,T| ≠ 0—Equation (3) has a unique solution, which means that the presented structure can be applied to sense RH and temperature simultaneously. Therefore, ΔRH and ΔT can be represented by Equation (3):


   [      Δ R H       Δ T      ]  =  M  R H , T   − 1    [      Δ  λ 1        Δ  λ 2       ]   



(3)







Substituting the sensitivity value, we can obtain the following results:


    [      Δ R H       Δ T      ]  =  1  ∣  M  R H , T   ∣    [       S  T , c a v 2       −  S  T , c a v 1         −  S  R H , c a v 2        S  R H , c a v 1        ]   [      Δ  λ 1        Δ  λ 2       ]  =     1  − 14750.7    [      58.6 %   R H   p m       37.9 %   R H   p m           389.2 K   p m      0     ]   [      Δ  λ 1        Δ  λ 2       ]    



(4)







In the detection process, as long as the resonance wavelength shift of two resonance peaks is obtained, ΔRH and ΔT can be obtained by calculating Equation (4) and the current RH and temperature can be obtained by adding the initial RH and initial temperature, thus achieving the purpose of dual-parameter sensing. However, the resonance wavelength shift detection results’ accuracy may be affected by systems errors, the non-detected parameters, and the absolute accuracy of the optical spectrum analyzer (OSA) [26]. To check the anti-interference ability of the sensor, we simulated the external interference under practical conditions. Specifically, based on Equation (3), external interference was introduced into the two resonant wavelength shifts of cav1 (Δλi1) and cav2 (Δλi2), and Equation (3) could be modified as follows:


   [      Δ R H       Δ T      ]  =  M  R H , T   − 1    [      Δ  λ 1  + Δ  λ  i 1         Δ  λ 2  + Δ  λ  i 2        ]   



(5)







According to Equation (5), the RH error (ΔRHerror) and temperature error (ΔTerror) caused by external interference can be represented by Equation (6):


   [      Δ R  H   error            Δ  T   error           ]  =  M  R H , T   − 1    [      Δ  λ  i 1         Δ  λ  i 2        ]  =  1  ∣  M  R H , T   ∣    [       S  T , c a v 2       −  S  T , c a v 1         −  S  R H , c a v 2        S  R H , c a v 1        ]   [      Δ  λ  i 1         Δ  λ  i 2        ]   



(6)




where the determinant |MRH,T| can be calculated as: |MRH,T| = SRH,cav1 ST,cav2 − SRH,cav2 ST,cav1. Moreover, the smaller the maximum value of ΔRHerror (ΔRHerror;max) and ΔTerror (ΔTerror;max), the stronger the anti-interference ability, that is, the better the stability of the dual-parameter sensor. Therefore, the maximum external interference scope (ξRH, ξT) was introduced to evaluate the anti-interference ability [26], which is computable with the following equations:


   {       ξ  R H   =  |     S  T , c a v 2      |   M  R H , T    |     |  +  |    −  S  T , c a v 1      |   M  R H , T    |     |         ξ T  =  |    −  S  R H , c a v 2      |   M  R H , T    |     |  +  |     S  R H , c a v 1      |   M  R H , T    |     |         



(7)







It is accurately analyzed that the lower the ξRH and ξT, the smaller the ΔRHerror;max and ΔTerror;max, and the stronger the immunity to interference. The ξRH as well as the ξT of the dual-sensor previously proposed are 0.006 and 0.026, respectively, suggesting that the maximum RH and temperature test errors caused by the deviation of resonant wavelength 1 pm are merely 0.006% RH and 0.026 K. Therefore, the sensor proposed is expected to provide an excellent level of immunity from interference and shows a good stability. For comparison purposes, a summary of other structures based on RH and temperature sensors is given in Table 1.



In this table, we can note that the proposed sensor improves RH sensitivities and obtains competitive temperature sensitivities. In addition, by optimizing the two PCNCs structures using stack-width modulated PCNCs or replacing PVA with some other sensitive materials (e.g., graphene oxide diaphragm) [26,33], the sensitivities may be further improved.





4. Conclusions


To sum up, our study theoretically presents an SOI-based cascaded PCNCs dual-parameter sensor and demonstrates its feasibility for accurate simultaneous RH and temperature detection. The sensor structure consists of two independent PCNCs, one of which is covered in SU-8 cladding (cav1) to improve the sensitivity ratio contrast, while and the other is coated with a water-absorbing PVA layer as the sensing cladding to detect the variation in RH. For cav1, the RH and the temperature sensitivity are 0 pm/%RH and −37.9 pm/K, while those of cav2 are −389.2 pm/%RH and 58.6 pm/K. Note that the sensitivity ratios of RH and temperature are 0 and −1.5, respectively, ensuring the feasibility of achieving simultaneous detection. In addition, the anti-interference ability of the sensor is analyzed by using the dual-wavelength matrix method under external interference in the detection process. Moreover, the compact size of the structure is only 32 μm × 4 μm (length × width). With its compact size, simple design, competitive sensitivities, and excellent anti-interference ability, our proposed sensor will contribute to the future of on-chip integrated sensing systems and multifunctional detection.
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Figure 1. Schematic diagram of the proposed SOI-based cascaded photonic crystal nanobeam cavities (PCNCs) dual-parameter sensor. The dielectric-mode nanobeam cavities (cav1) are covered by SU-8 cladding (light yellow region), while the air-mode nanobeam cavities (cav2) are coated with a layer of PVA upper cladding (light blue region). 
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Figure 2. TE band diagram (a) for cav1 (b) for cav2 of the two independent PCNCs. Photonic bandgaps (PGB) are represented by light green regions. 






Figure 2. TE band diagram (a) for cav1 (b) for cav2 of the two independent PCNCs. Photonic bandgaps (PGB) are represented by light green regions.
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Figure 3. (a,d) Top-view schematics of cav1 and cav2, respectively. The two PCNCs are formed by modulating the radius of the holes quadratically to introduce a frequency defect. cav1 and cav2 are both strictly symmetric about the center blue dashed line. (b,e) The major electromagnetic field distribution (x–y plane with z = 0). (c,f) Ey distribution along this cavity in the x-direction. 
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Figure 4. The dependence of the Q-factor and resonant wavelength on the Nt obtained by 3D-FDTD simulations (a) for cav1 and (c) cav2. The relationship between r and transmission on Nm obtained by 3D-FDTD simulations (b) for cav1 and (d) for cav2. 
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Figure 5. (a) The transmission spectra of the Y-junction power splitter and combiner. (b) The structure of the power splitter (at the incident end) and combiner (at the exit end). (c) The electric field distribution near 1550 nm at the x–y plane when z = 0. 
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Figure 6. (a) Transmission spectrum of the cascaded PCNCs. Peak1 and peak2 show the basic modes of cav1 and cav2. (b,c) The corresponding major electromagnetic field distribution of PCNCs (x–y plane with z = 0). 
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Figure 7. (a) Transmission spectra under various RH changes. (b) The linear fitting of corresponding resonant wavelength during the time when RH changes from 0% RH to 90% RH in 10% RH steps (T = 300 K). (c) Transmission spectra under different temperature. (d) Linear fitting of relevant resonant wavelength shift versus different temperatures, from 300–340 K with 10 K steps (RH = 40% RH). 
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Table 1. The sensitivities of other structures on the basis of RH and temperature sensors.
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	Structure
	Platform
	RH Sensitivity (pm/%RH)
	Temperature Sensitivity (pm/K)
	References





	MZI + FBG
	Optical fiber
	−99.5; 0
	3.1; 9.6
	[30]



	FPC + FBG
	Optical fiber
	52; 330
	20; 385
	[31]



	MZI + FPI
	Optical fiber
	−72; −132
	172; 37
	[32]



	Microring
	SOI
	97.9; 325.1
	69.0; 30.6
	[2]



	PCNCs
	SOI
	−389.2; 0
	58.6; −37.9
	Our work
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