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Monolithic integrated μLED optrode has promising applications in optogenetics due to their ability to achieve more optical channels in a smaller footprint. The current used to drive the μLED will cause electromagnetic interference (EMI) noise to the recording electrodes at a very close distance. Utilizing a grounded metal shielding layer between the active device and the electrode can potentially reduce the interference. In this paper, multi-dimensional μLED optrode models are set up according to the real device. By numerically analyzing the electromagnetic interference between the μLED and recording electrodes, several optimized shielding schemes are evaluated by simulations and experiments. Some important process and layout parameters that may influence the shielding effect are studied through the finite element method (FEM). Different circuit models based on the corresponding test environment are built to analyze the simulation and experiment results. A new PCB with a shielding layer has been designed and initially verified. The proposed novel computational model can analyze EMI quantitatively, which could facilitate the design of low-noise μLED optrode with reasonable shielding and packaging.
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INTRODUCTION
Optogenetics has attracted more and more attention in recent years because it can stimulate or inhibit neurons, specifically and instantly (Montgomery et al., 2015; Park et al., 2016; Aldaoud et al., 2018; Adam et al., 2019; Fakhoury, 2021; Sha et al., 2021). The optrode is used as a tool in optogenetics to regulate and monitor neuronal activity. It can not only provide the light to regulate neurons but also record the electrical signals fed back by the light-regulated neurons (Segev et al., 2017). According to different light delivery methods, the optrode can be realized by in vitro light source or in vivo light source (Shin et al., 2019). The in vitro light-giving optrodes use optical fibers or waveguides to guide the light emitted by laser diodes (LD) (Kampasi et al., 2018) or light-emitting diodes (LED) (Wu et al., 2013; Libbrecht et al., 2018) into the body, and the main disadvantages are their relatively large footprints as well as small number of optical channels (Qazi et al., 2018). The in vivo light-giving optrodes usually integrate the μLEDs with the recording electrodes. Thus they can achieve a smaller footprint and more light channels, which means less damage to the neural tissue during implantation and higher spatial resolution in the light regulation (Kim et al., 2013; Wu et al., 2015; Kim et al., 2016; Reddy et al., 2019). However, the μLED can generate almost synchronous noise on the close recording electrodes at the turn-on moment because of the electromagnetic interference (EMI) effect between the μLED’s input circuit and the recording electrode’s output circuit. Especially for the optrode that monolithically integrates the μLED and the recording electrode on the GaN epitaxial wafer, it can achieve a higher density of integration, compared with the optrode made by transferring μLED method (Khurram and Seymour, 2013), but it also means greater EMI noise. The noise can even cover the neuronal activity signals generated by light excitation without a reasonable layout design (Wang et al., 2019).
In order to shield the EMI noise in the optrode, the grounded metal layer is often used as a solution to be added between the μLED and the recording electrodes. In 2016 Kim et al. (2016) indicated that the μLED N-type layer is one possible EMI source and they designed a widened cathode metal to shield it. However, they did not consider the interference coming from the μLED anode metal. This interference source may be more important because the anode needs to be connected to a much higher voltage. And in 2020 Kim et al. (2020) adopted a whole layer of grounded metal to shield both the interferences from the μLED’s N-type layer and anode metal. In 2020 Ji et al. (2020) also adopted the whole-layer metal shielding scheme, and they found that the shielding effect was related to both the spacing and width of the metal layers. The above-mentioned methods about metal shielding layers usually need to change the original structure of the optrode devices. Therefore, FEM is used as an effective means to ensure that the shielding layer is designed reasonably enough by evaluating the shielding effect visually (Kim et al., 2016; Ji et al., 2020; Kim et al., 2020). However, these simulation analyses are only electrostatic field simulations on a two-dimensional cross-section of the optrode device. There are still many issues that need to be considered and optimized: the geometric modeling is too simple to represent the whole optrode; some modeling parameters are not reasonable enough; there is little analysis about the simulation results and so on.
In response to these existing problems, we analyze the electromagnetic interference comprehensively based on our previous monolithic integrated μLED optrode (He Zhang et al., 2016). Several different EMI shielding schemes are evaluated by steady-state analysis, frequency-domain, and time-domain analysis. Different 2D simulation models are used to analyze the electrical field interference in different cross-sections of the non-uniform optrode, and a full-sized 3D model is constructed to analyze the EMI caused by electrical field in the whole optrode. Moreover, the parameter sweep analysis is used to investigate the relationships between some process and layout parameters and the shielding effect in the electrical field simulation. We have also built a simplified 3D model to analyze the magnetic field interference based on our proposed equivalent coil circuit model. Most of the models’ boundary conditions are optimized in the software to make it closer to the actual physical model. We designed and manufactured simplified optrode devices for some of the shielding schemes and verified their actual effect through in vitro experiments. The experimental results qualitatively prove the effectiveness of software simulation as a pre-evaluating means. Furthermore, the mutual verification of experimental results and simulation results enhance the reliability of this research. At last, circuit models corresponding to different test environments are established to explain the quantitative difference between the experimental and simulation results. And a feasible quantitative simulation model is established to analyze the electric field interference according to the circuit model, and its rationality has been initially verified by the simulation result.
MATERIALS AND METHODS
Geometric Modeling of Electrical Field Simulation
COMSOL Multiphysics is used for simulation modeling and calculation in this work. We mainly use the electric field, circuit, and magnetic field functions in the low-frequency electromagnetic field (AC/DC) module.
The optrode device used for the simulation models is based on the prototype that we described in 2016 (He Zhang et al., 2016), and its layout design is shown in Figure 1B. We have designed four different shielding measures on this basis and compared them with no shielding measure in the recording electrode potential to evaluate their shielding effects. Considering the non-uniform optrode structure, we divided it into two representative regions. One is the metal wire region, and the other is the μLED structure region. Then we selected a cross-section in each region to perform the 2D simulation.
[image: Figure 1]FIGURE 1 | (A) The 3D simulation model of no-shielding optrode. (B) The divided region and selected modeling sections in optrode’s layout design. (C) The 2D simulation models of sections in (B) with different shielding schemes, (i) no shielding measure, (ii) adding shielding metal wire above the μLED’s anode metal (wiring-above-anode), (iii) widening the μLED’s cathode metal (widening-cathode), (iv) combining wiring-above-anode with widening-cathode (combined-shielding), (v) adding a whole shielding layer between the anode and cathode layer and the recording electrode layer (whole-shielding-layer). (D) The enlarged local structure of the 3D model in (A). (E) The top view of 3D simulation models with the same shielding schemes as (C).
The metal wire region mainly consists of the metal traces of the μLED and recording electrodes, in which the only interference source is the anode metal trace. The μLED structure region is the formation area of the PN junction. It includes the P-type and N-type gallium nitride (GaN) layer in addition to the metal traces. Since the GaN epitaxial wafers that we used have a structure with the P-type layer on the top and the N-type layer on the bottom, the P-type layer is also an interference source that cannot be ignored in the μLED structure region apart from the anode metal and the N-type layer mentioned in literature (Kim et al., 2016). Based on the interference source analysis, we constructed the 2D modeling of the metal wire region and the μLED structure region shown in Figure 1C. The wiring-above-anode is mainly designed to cope with the interference from anode wire, and the widening-cathode is for the N-GaN interference. The first three shielding methods are double-layer metal structures. There only needs to change the original metal layer shape, and no extra process flow is added. The last one is a three-layer metal structure, requiring an additional metal deposition process. The main difference between the models is that the P-GaN and N-GaN layers exist in the μLED structure region, resulting in that the shielding layer cannot cover the light-emitting area of the μLED.
We have also constructed 3D optrode models to reflect the electric field distribution more accurately in the 3D space. All the shielding schemes are the same as 2D modeling. The 3D model of no-shielding optrode is especially shown in Figure 1A, designed according to the actual device size (6,000 × 500 × 5 μm3). And the top view of other shielding schemes is shown in Figure 1E. The 3D modeling has both the characteristics of the metal wire region and the μLED structure region. A light window needs to be left above the light-emitting area in the shielding layer. All the electric field simulation models are set in an infinite air environment in order to simulate the real electric field distribution (Supplementary Figure S1).
Parameter Configuration of the Electric Field Simulation Model
In the electrical simulation, the potential is most commonly used to assess the magnitude of EMI according to the literature (Kim et al., 2016) (Ji et al., 2020; Kim et al., 2020). We did both static analyses (DC analysis) to observe the electrode potential when the μLED at the maximum input and transient analyses (time-domain analysis) to record the waveform reflecting the electrode potential varied with the μLED input voltage. In terms of material, the electrodes, leads, and shield are provided as metal, the rest of the shank is provided as insulator, and the shank is surrounded by air. These materials need to set the electrical conductivity (δ) and relative permittivity (ε), as shown in table 1.
TABLE 1 | Electrical conductivity and relative permittivity configuration of different materials.
[image: Table 1]In the static simulation, a 3 V DC voltage is applied to the anode metal, and the N-type GaN layer was applied with 10 mV according to literature (Kim et al., 2016). Considering that the P-type layer is connected to the anode metal, we also assume it to be 3 V following the worst case. In the transient simulation, pulse signals are separately applied to the anode (3 V, 1 Hz), P-type GaN (3 V, 1 Hz), and N-type GaN (10 mV, 1 Hz). The cathode metal and the shielding layer are always grounded during all the simulations. The recording electrodes are set to be no current flowing in, assuming that the amplifier connected with the electrode is ideal. These models are calculated through FEM, and the meshing of a 3D model is shown in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) 3D model meshing of no shielding optrode. (B) Partial process flow of the simplified optrode. (C) The in vitro system for testing the optrode shielding effect, consisting of a signal generator and a multi-channel recording system.
Design and Fabrication of Optrode
To verify the simulation results, we designed and manufactured simplified optrode devices with corresponding shielding methods for in vitro tests. Considering that electromagnetic interference is mainly involved in our research and the anode metal is the key interference source, whether the μLED is conductive can be ignored. So we designed simplified optrode devices to reduce the process complexity and shorten the verification time. Only the metal traces of the μLED and the recording electrodes are retained. There is no P-type and N-type GaN layer in the μLED structure region so that we can tape out on the silicon wafers grown with SiO2 rapidly. The simplified device can also exclude the influence of other noise sources in optrode, such as the noise-induced by the photovoltaic effect (Packer et al., 2013). We only fabricated the first four kinds of devices corresponding to the electrical field simulations, considering that the whole-shielding-layer scheme needs extra process steps which means higher cost, more difficult process and lower yield. Actually, the comparison of four kinds of devices is enough to illustrate our point of view.
The partial manufacturing process of the simplified optrode is shown in Figure 2B, and the detailed processes are as follows: 1) cleaning silicon wafers with silicon dioxide on the upper surface; 2) spinning coating photoresist (AZ4340) at 4,000 revolutions per second; transferring the patterns of μLED metal traces from the mask to the substrate by lithography; 3) metal deposition of Cr/Au/Cr with 5/100/5 nm thickness; 4) metal lift-off to get the patterned metal traces of the μLED; 5) depositing SiO2 with 100 nm thickness by PECVD; 6) repeating the above steps (2–5) to obtain the metal traces of the recording electrodes; 7) etching SiO2 to expose the electrode areas and the back-end pads. After all the processes are completed, we diced the wafer to release the optrode shank and welded the shank to the PCB by gold wire bonding, then applied UV glue to the welding area to complete the optrode package.
Experiment Tests and Data Analysis
Based on the packaged optrode devices, we constructed the test system to verify the shielding effect (Figure 2C). Given that we usually care about the interference near the spike frequency, the signal generator is used to apply a sinusoidal voltage (3 V, 2 kHz) to the μLED’s metal traces. A multi-channel neuron data recording system (HTRP-128, Blackrock Microsystems, United States) is used to record the interference potential on the electrodes. The two instruments need to be connected to the same ground wire, and the entire test system requires a well-shielded environment. We have designed two kinds of interfaces to connect the optrode and the multi-channel recorder. One is used for all types of optrodes, and the other is designed for wiring-above-anode and whole-shielding-layer to make the shielding layer above the anode ungrounded. The test was carried out in the air. We selected three devices of each type to test the interference potential on the electrodes. The experimental and simulation results are analyzed from multiple perspectives, including logical analysis, circuit modeling, derivation of equations, and FEM.
RESULTS
Electrical Simulation Results
The 2D electrostatic field simulation results are shown in Figure 3A, and the potential distribution on the 2D section is visually represented. Compared with no shielding measure, it can be clearly seen that no matter which shielding measure is adopted, the potential of the recording electrode area is significantly reduced in the metal wire region. We can also see that the whole-shielding-layer has the best shielding effect, the combined-shielding is the second, and the wiring-above-anode is the worst.
[image: Figure 3]FIGURE 3 | (A) The 2D potential distribution of the metal-wire region (left) and the μLED-structure region (right) in electrostatic field simulation. (B) The top view of 3D potential distribution results in electrostatic field simulation. (C–E) The time-domain curves of different shielding methods that reflect the eight electrode sites’ average potential over time in (C) metal wire region simulation, (D) μLED structure region simulation, and (E) 3D simulation. (F) The comparison of the maximum average potential between 2D and 3D time-domain simulation results.
While in the μLED structure region, the potential distribution results are much different from the metal wire region. First of all, a significantly lower potential distribution can be seen in the case of no shielding measure. We had assumed that the 10 mV voltage applied with the N-type layer is an interference source according to (Kim et al., 2016), but it is more like a shielding layer actually, pulling down the recording electrode potential. Secondly, the shielding effect of wiring-above-anode is extremely poor. It is designed for the μLED anode metal, and it does not have too much shielding effect on the N-type layer interference. What makes it worse is that the shielding layer cannot block the P-type interference. This also results in that the combined-shielding have a similar effect with the widening-cathode. Finally, the shielding effect of the whole-shielding-layer becomes worse. Due to the existence of the light-emitting area, the interference source below cannot be completely covered.
These differences can be observed from the time-domain simulation results more clearly, as shown in Figures 3C,D. In the time-domain analysis, a sine pulse signal of 1 Hz is inputted to the interference sources, represented with the blue line in Figures 3C–E for the anode and the black line in Figures 3D,E for the N-type layer. And then the recording electrodes potential which changes over time can be outputted in the software. Since there are eight electrodes in total, the average potential of these electrodes is used to represent the magnitude of interference. We can see that all the average potential changes with the excitation signal synchronously in both 2D simulation results. Furthermore, in the metal wire region, the effects of different shielding schemes are consistent with the electrostatic simulation results according to the numerical range of the average potential. The whole-shielding-layer has the lowest potential, the combined-shielding is slightly higher, and the wiring-above-anode is two orders of magnitude higher than them. While in the μLED structure region, the result is clearly different from the metal wire region, just as reflected in the electrostatic field simulation results. And it can be further seen that the combined-shielding has the best shielding effect, the widening-cathode and the whole-shielding-layer are almost the same, and the wiring-above-anode is the worst.
The huge differences in the 2D electric field simulation indicate that a single 2D simulation is not enough to represent the true spatial potential distribution in a non-uniform optrode device. Thus the 3D simulation is necessary. The 3D electrostatic field simulation results are shown in Figure 3B. It can be observed that the 3D potential distribution has both the characteristics of the metal wire region and the μLED structure region. For all the shielding measures, the shielding effect is the same order as the 2D metal wire region. While the electrode potential of no shielding measure is much lower, and the wiring-above-anode has little shielding effect, which is similar to the μLED structure region.
We can draw the same conclusions from the 3D time-domain result (Figure 3E). The wiring-above-anode is a little lower than no shielding measure in average potential, and they are close to the input voltage of the N-type layer. Although the average potential is consistent with the 2D metal wire region in order, it is different in the numerical range. This can be reflected in Figure 3F, in which we chose the peak value of the time-domain curves to compare the 2D and 3D results. We can further see that the 3D potential values are all between the metal wire region and the μLED structure region for each shielding measure. This is because the 3D simulation can be regarded as the synthesis of many 2D simulations, and it proves that the 3D simulation is more reasonable to be used in the optrode EMI analysis.
Research on the Parameters That Affect the Shielding Effect of Electric Field
In the fabrication of the optrode, there are some important parameters that may influence the effect of the shielding layer. One is the process parameters, such as the thickness of the deposited metal layer and the center distance between the μLED metal layer and the electrode metal layer, which actually represents the thickness of the insulating layer between the two metal layers. The other is the layout design parameters, such as the width of the cathode, the width of the anode, and the edge-to-edge distance between the anode and the electrode region. Based on the 2D widening-cathode model, we have evaluated the impact of these parameters in detail and the result is shown in Figure 4.
[image: Figure 4]FIGURE 4 | (A) The schematic diagram of various parameter definitions. (B–F) The relationship between the average potential of eight electrodes and (B) the width of cathode metal. (C) the width of anode metal. (D) the thickness of the metal layer. (E) the center distance between the μLED metal layer and the electrode metal layer. (F) the edge-to-edge distance between the anode and the electrode region.
In order to get a better shielding effect, the optrode needs to be designed with larger W0 and D1, smaller W1, T, and D0. But the precondition is to ensure the feasibility of the process, suitable device size, and stable device performance. Furthermore, we define the ratio of the average potential to these parameters as the significance to the shielding effect. We can see that D0 (its “significance” is about 10 mV/μm) should be given priority compared with T (0.5 mV/μm) between the two process parameters. Similarly, the W0 (110 μV/μm) is much more important than D1 (24 μV/μm) and W1 (56 μV/μm) during layout parameters.
Experimental Result of the Optrode Shielding Effect
A packaged optrode is shown in Figure 5A. We tested more than three times for each selected device, and the data recorded by the multi-channel system is averaged. The result is shown in Figure 5B. The recorded potential is reduced in the order of without shielding, wiring-above-anode, widening-cathode, and combined-shielding, proving the effectiveness of our designed shielding layers. We can also see the shielding effect by comparing the same optrode with different interfaces (Figure 5C). The average potential is obviously dropped after the shielding layer above the anode is grounded. There is no significant difference in potential values for the same type of device. Therefore, we averaged the values for each type and compared them with the 3D simulation result, as shown in Figure 5D. It is obvious that the variation trend of the experimental results is consistent with the simulation results under different shielding methods. This shows that the simulation results are effective for qualitative analysis. We can know whether the designed shielding methods are effective and which kind of shielding has a better effect through the simulation results.
[image: Figure 5]FIGURE 5 | (A) The combined-shielding optrode packaged on PCB. (B) The shielding effect test results of four optrode types (three devices for each type and eight electrodes for each device). The error bar represents standard deviations (SD) and the horizontal axis is the number of the device. (C) The comparison of ungrounded and grounded shielding layer in wiring-above-anode and combined-shielding optrodes. The error bar represents standard deviations (SD) and the horizontal axis is the number of the device. (D) The comparison of experimental results and 3D simulation results under different shielding methods.
Analysis of the Difference Between Experimental Results and Simulation Results
Although the experimental and simulation results have the same trend, they are not consistent in quantity. In order to explain this difference, we constructed different circuit models corresponding to the simulation environment and the actual test environment. And firstly we found that the electrode potential observed in the existing simulation model is not the real interference potential on the recording electrode but the spatial potential at the location where the recording electrode is. The spatial potential (Vr) is dependent on the distance from the interference source, as shown in Figure 6A. It is related to the amplitude of the noise source (Vs) but has nothing to do with the frequency, which is not in coincidence with reality. While the real electrode interference is a kind of coupled voltage due to the distributed capacitance between the recording electrode and the μLED anode, as shown in Figure 6B. The larger the equivalent capacitance (C1) is, the greater the coupled voltage (Vn) is. And it will become higher as the frequency (ω) increases. This relationship can be expressed as Eq. 1.
[image: image]
where Z can be replaced by Za (a coupling capacitor between the electrode and the ground) in the air, and can be replaced by Zp [a first-order R-C model of the electrode-electrolyte interface (Nathan and Jafari, 2015)] in the phosphate buffer saline (PBS). The shielding layer can just lower the Vn by reducing C1, which can be reduced to zero under ideal circumstances.
[image: Figure 6]FIGURE 6 | (A) The circuit model corresponding to the qualitative simulation environment. (B) The circuit model corresponding to the ideal test environment in air or PBS. (C) The circuit model corresponding to the actual test environment in air. (D) The simulation result of the new PCB’s shielding effect. (E) The circuit model corresponding to a quantitative simulation model used to analyze the electric field interference in optrode. (F) The comparison between no-shielding and widening-cathode using the quantitative simulation model for analysis.
The spatial potential and the coupled voltage are completely two different concepts. Under the same conditions, the former is much larger than the latter, which partly explains why the simulation result (whole-shielding with 550 μV is the best) in Figure 3 is much higher than the background noise (lower than 20 μV) of common neural recording systems. But there is a positive correlation between them. It is not difficult to understand that the higher the spatial potential is at a point, the greater the coupled voltage will be when a recording electrode is located there. To better illustrate this point, we studied the relationship between the width of cathode metal (W1), the width of anode shielding metal (W2), the spatial potential (U0), and the coupling capacitance (C0) which can represent the coupled voltage according to Eq. 1, based on the widening-cathode and the wiring-above-anode methods in 2D electric field simulation. It can be clearly seen from Figure 7 that there is a positive correlation between the spatial potential and the coupling capacitance. It means that when the shielding layer is widened, the spatial potential will decrease, and the coupling capacitance will become smaller, resulting in a lower coupled voltage. The result indicates that it is feasible to evaluate the effects of various shielding schemes by observing the spatial potential of the electrode area in software simulation, but it can only be qualitatively analyzed and cannot be quantified.
[image: Figure 7]FIGURE 7 | The relationship between (A) the coupling capacitance and the width of the cathode, (B) the spatial potential and the width of the cathode, (C) the coupling capacitance and the width of anode shielding metal, (D) the spatial potential and the width of anode shielding metal for eight recording electrodes.
Another factor that causes the difference between the experimental and the simulation results is the interference from the outside of the optrode shank, such as the welding pads at the stern, the PCB, and the interface with the amplifier. These interferences can be represented as a coupling capacitor (C2) in Figure 6C. The presence of C2 will result in an increase in Vn, and there will be a lower limit for reducing Vn by shielding layer, which indicates why the experiment result is so high in Figure 4D. The relationship can be expressed as Eq. 2.
[image: image]
And these interferences can be reduced by a more reasonable back-end package and interface design. For example, we have designed a new PCB with a whole-shielding layer that can reduce the interference by more than 400 times (Figure 6D).
DISCUSSION
Discussion on Quantitative Analysis of Electric Field Interference in Optrode
From the above analysis, it is not difficult to see the shortcomings of the current simulation model, that is, only qualitative analysis can be performed. Thus we constructed a quantitative simulation model according to Figure 6E. Here we firstly connect the recording electrode to an R-C model using the software’s circuit function, where the resistance (R) and the capacitance (C) can be obtained by the electrochemical impedance test of the electrodes. And secondly, we have considered the PBS environment by which the optrode is surrounded. This kind of conductive solution is difficult to use specific material to represent in the software. But considering that the solution is connected to the ground through a reference electrode, we can also simplify it to be a grounded R-C model which is applied to the model boundary. What’s different is that the resistance (R) and the capacitance (C) should be obtained from the reference electrode impedance, which is much smaller than the recording electrode.
The new quantitative simulation model is used to analyze the electric field interference in no-shielding and widening-cathode optrode, and the frequency-domain simulation result is shown in Figure 6F. It can be seen that the electrode potential is higher with the frequency increases, which is consistent with reality. When it is at 1 kHz, the interference potential under no shielding is about 70 μV, which is the same order with the amplitude of a spike. With widening-cathode shielding, the potential is reduced to about 20 μV, enough to meet the actual needs if the model parameters are reasonable. In addition, the time-domain simulation result (Supplementary Figure S2) shows that noise spikes appear on the recording electrodes when the input signal is flipped, which is similar to the actual situation. It also demonstrates the shielding effect of widening-cathode method. These results only show the feasibility of quantitative analysis to electric field interference in optrode, but the specific parameters and components of the simulation model still need to be perfected and its reliability needs to be verified by actual test using the new designed device with a more reasonable package and connection.
Discussion on EMI Caused by Magnetic Field in Optrode
We not only analyzed the EMI inside the optrode caused by electrical field, but also considered the possible interference caused by magnetic field. As the term EMI describes, the interference of the electric field and magnetic field often exists at the same time under the action of the varied excitation signal. The magnetic field simulation results (Supplementary Figure S3) show that the magnetic field interference is much smaller than the electrical field interference. This may be due to the small footprint of the optrode device. According to our coil model, the potential at the ends of the induction coil (Vout) is related to the maximum magnetic flux in the coil (Ф), and the magnetic flux is a function of the magnetic field strength (B) and the area enclosed by the induction coil (S), namely:
[image: image]
Considering that the magnetic field strength (B) is proportional to the current passing through the excitation coil (I), when the input voltage is constant, the magnetic field strength is inversely proportional to the resistance of the input circuit (R). Thus we can derive that when the device footprint is scaled down by L times, the resistance (R) will increase by L times, the area (S) will be reduced by L2 times, and the magnetic flux (Ф) will be reduced by L3 times. This means that the magnetic flux will drastically decrease as the device footprint shrinks. Therefore, the magnetic field interference can be ignored compared with the electric field interference for the small footprint optrode we designed.
CONCLUSION
In this paper, we evaluated four designed shielding schemes by in-depth and comprehensive electrical field simulations and discussed how to design the shielding layer with a better effect based on FEM. What is more, we fabricated corresponding simplified optrode devices and proved the simulation results to be reliable for quantitative analysis by in vitro experiments. We also explained the difference between the simulation results and the experimental results in quantity and provided feasible solutions. Finally, we performed a magnetic field simulation to show that the magnetic field interference is negligible in micro-sized optrodes. This research is very meaningful for understanding the EMI sources in optrode, guiding the shielding design, and fabricating low-noise optrode.
In the future, we plan to perfect the proposed quantitative simulation model, through which we can directly know whether the shielding effect can meet the actual needs. This will significantly reduce the cost of device manufacturing. Moreover, we will adopt the combined-shielding or the whole-shielding-layer in our optrode, then verify the designed shielding layer effect through animal experiments.
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